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Abstract 
The original contribution achieved from this research was the development of a low-
cost 3D high-accuracy photogrammetric technique for measuring dynamic changes 
in foot anthropometry during gait. In clinical settings, the approach of determining 
foot mobility is achieved through measuring changes in bone landmarks between the 
static unloaded foot and the static loaded foot. From previous reliability assessment 
tests, it was found that static clinical foot mobility assessments based on the dorsum 
bone as a point of landmark reference provides high levels of measurement 
reliability. However, the relationships between these static dorsum measurement 
techniques have not been assessed against dynamic dorsum measurements collected 
during foot mobility. In this thesis, two assessment techniques based on the dorsum 
as a point of reference; namely the Foot Mobility Magnitude (FMM) and Arch 
Height Index (AHI) were compared statically and dynamically. The purpose for this 
was to validate these static measurements against the actual foot mobility during 
dynamic activities.  
An imaging platform was developed which consisted of 12 video cameras 
synchronised with force plate data to continuously capture the foot during gait while 
simultaneously obtaining ground reaction force information. The developed system 
achieved measurement accuracies within 0.3 mm with high levels of measurement 
precisions and insignificant random and systematic errors. From the research study, 
it was found that the correlation between the static and dynamic FMM measurements 
was insignificant, whereas significant correlations were found between the static and 
dynamic AHI measurements. Agreements between the static and dynamic AHI 
measurements were higher when the dorsum measurements were normalised to the 
truncated foot length (AHI 1) than normalising the dorsum measurements to the total 
foot length (AHI 2). Another major finding from the research was the higher 
measurement correlations achieved when the dynamic FMM and AHI were assessed 
between heel-strike and mid-stance compared to between heel-strike and active 
propulsion. This indicates that measuring the static FMM and AHI between 10% 
WB and 50% WB instead of between 10% WB and 90% WB might lend better 
insight in determining the behaviour of the foot dynamically.  
The Foot Posture Index (FPI) was used to classify foot postures and the 
relationship between the FPI scores and the dynamic FMM and AHI were assessed. 
It was found that the FPI was significantly correlated to the AHI measures but no 
correlation was found between the FPI and the FMM. The highest correlation was 
found for AHI 1 at active propulsion where the FPI predicted 48.9% of the variation 
of the AHI 1. The only FPI classification criteria to have a significant influence on 
the AHI at heel-strike, mid-stance and active-propulsion was the congruence of the 
MLA with the highest prediction of 66.7% of the variation in the AHI 1 at heel-
strike.  
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 Chapter 1                                                                                                                      1 
 
Chapter 1: Introduction  
This chapter provides an outline of the background and research motivation by 
defining the research gaps, problem statements, research aim and objectives, scope 
of research and the contribution to the current literature.  The chapter concludes with 
a framework outlining the contents of the remaining chapters of the thesis.  
1.1 Background and research motivation  
The foot is one of the most complex structures of the human body, comprising of 
multiple active and passive components which provide important support and 
functionality to the rest of the human body (Richie Jr, 2007). The interaction of the 
foot components with each other and with the ground reaction forces acting on the 
foot from the supporting surface provides important functions for the rest of the 
body. Some of the functions include the maintenance of body balance, support, body 
weight distribution and the creation of the forces required for locomotion (Scott et 
al., 2007). Any foot malfunctions will hence have a direct impact on the rest of the 
body (Khamis and Yizhar, 2007; Powers, 2003; Wrobel and Najafi, 2010).  
 It has been identified that during foot loading, the largest amount of foot 
mobility occurs around the Medial Longitudinal Arch (MLA) (Hunt et al., 2001; 
Leardini et al., 2007). The MLA is the largest arch of the foot and is regarded as the 
most important foot arch in clinical foot assessments due to its direct influence on 
foot function, stability, pain and predisposition of injury (McCrory et al., 1997; Nack 
and Phillips, 1990; Ogon et al., 1999; Shiang et al., 1998). Depending on the 
structure of the MLA, each foot can either be classified as supinated (high-arched), 
pronated (low-arched), or normally arched (Gilmour and Burns, 2001; Kanatli et al., 
2001; Murphy et al., 2003; Razeghi and Batt, 2002). Each foot type classification 
displays different biomechanical foot functions; therefore quantifying foot posture is 
essential for predicting these functions (Menz, 1998). In addition, quantitative foot 
posture classification is linked to musculoskeletal overuse injuries and pain (Burns et 
al., 2005; Cain et al., 2007; Korpelainen et al., 2001). Hence, in order to lend insight 
into foot function and injury patterns, relating foot posture with dynamic foot 
mechanisms becomes an essential requirement (Villarroya et al., 2009).  
In clinical settings, the approach of determining foot and mobility is 
achieved through static anthropometric measurements. Foot mobility measurements 
are often inferred from differences in the positions of bone landmarks between the 
static unloaded foot and the static loaded foot. There are currently a myriad of 
methods based on static measurements including the Navicular Drop test (Brody, 
1982), Navicular Drift test (Menz, 1998), Foot Mobility Magnitude (FMM) (McPoil 
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et al., 2009), Arch Height Index (AHI) (Williams and McClay, 2000) and the Foot 
Posture Index (FPI) (Redmond et al., 2006a).  
1.1.1 Navicular Drop and Navicular Drift tests  
The most frequently used clinical assessment techniques of foot mobility identified 
in the literature are the Navicular Drop test and the Navicular Drift test. Both 
techniques provide quantitative measures of the change in the navicular bone when 
the subject’s foot position is changed from a subtalar neutral position (loaded) to a 
relaxed weight-bearing state (minimally loaded) (Brody, 1982; Menz, 1998). The 
Navicular Drop and Navicular Drift tests measure the changes in the sagittal and the 
medial-lateral plane of the MLA respectively. Although the tests are commonly used 
in clinical foot evaluations, the reliability of both assessment methods investigated 
yielded variable results between studies ranging from poor reliability (Vinicombe et 
al., 2001) to excellent reliability (Allen and Glasoe, 2000). The conflicting results are 
mainly due to inconsistencies between testers in identifying the location of the 
navicular bone through palpation and the difficulty with positioning the foot in the 
subtalar neutral position (McPoil et al., 2008a). Another source of inconsistencies in 
the navicular bone assessments is due to the requirement for the subjects to maintain 
the weight-bearing percentage exerted on their feet for the duration of the 
measurements (Deng et al., 2010).  
1.1.2 Foot Mobility Magnitude and Arch Height Index  
The Arch Height Index (AHI) and the Foot Mobility Magnitude (FMM) were 
developed to overcome the problems identified for the above navicular bone tests. 
The AHI and FMM replaced measuring the changes in the navicular bone with 
measuring the changes in the dorsum of the foot between weight-bearing and non-
weight bearing. The selection of the dorsum to replace the navicular bone as a point 
of reference was based on the results obtained by Williams and McClay (2000). The 
authors found that measuring the dorsum height provided significantly higher 
reliability than the navicular height measurements. In their study, Williams and 
McClay (2000) measured the reliability of the dorsum measurements based on two 
variations of the Arch Height Index (AHI); one normalised to foot length (FL) and 
the other to the truncated foot length (TFL). The dorsum measurements also 
provided higher validity than the navicular bone measurements when compared 
using radiographs (McPoil et al., 2008b).  
Due to the high reliability and validity results of the Dorsum measurements 
obtained from the AHI test, McPoil et al.(2009) developed the FMM test which 
collectively measures the sagittal and medial-lateral changes in the Dorsum of the 
foot during weight-bearing and non-weight bearing. The FMM also provided high 
levels of measurement reliability when tested with a large cohort of subjects (McPoil 
et al., 2009).  
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1.1.3 The Foot Posture Index  
In recent years, another foot classification method known as the Foot Posture Index 
(FPI) has gained popularity due to its high validity and reliability (Cornwall et al., 
2008; Keenan et al., 2007; Redmond et al., 2006a). The main advantage of the FPI 
foot classification method is the ability to assess the foot posture based on six 
collective foot components. This in turn provides a more comprehensive indication 
of the dynamic foot behaviour (Nielsen et al., 2010).  
1.2 Research gaps 
Although the FMM, the AHI and the FPI have improved the reliability of static foot 
mobility assessments, to the knowledge of the author, the following research gaps 
were identified in the literature: 
 The association between static FMM and AHI assessment techniques with 
the dynamic foot behaviour is not reported in any previous studies. 
 
  The association between the FPI scores and the dynamic FMM and AHI are 
not reported in the literature.  
 
 A detailed analysis of the effect of dynamic weight-bearing on the FMM and 
AHI is not reported in the literature.  
1.3 Problem statement 
As the current clinical assessment techniques rely on static measurements, the ability 
to predict dynamic foot function is therefore limited. In addition, there is a lack of a 
non-invasive 3D measurement technique which can be used to measure the foot 
dynamically during gait to a high level of accuracy and reliability.  
1.4 Research aim  
Hence the main aim of the research is to: 
‘Develop high accuracy dynamic 3-D measurement and analysis techniques to 
determine the extent of agreement between conventional static foot measurements 
based on the dorsum bone and the same measurements dynamically’. 
Static conventional measurement and analysis techniques will be modified 
for dynamic foot measurement and analysis. To achieve this, an image-based 
analysis technique based on high measurement accuracy close-range 
photogrammetric concepts will be developed as part of the research for measuring 
3D changes in foot anthropometry during gait. From the developed system, the Foot 
Mobility Magnitude (FMM) and Arch Height Index (AHI) will be determined 
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dynamically and compared to the same measurements collected using conventional 
static caliper measures. The developed photogrammetric measurement system will 
also be used to correlate Foot Posture Index (FPI) scores with the dynamic FMM and 
AHI measures.  
1.5 Research objectives  
The research aim and questions will be addressed through the following research 
objectives:  
Objective 1: to develop a 3D image-based measurement system for accurate 
dynamic foot mobility and posture measurements (Chapter 3) 
This objective will be achieved through the following:  
 Designing the 3D image-based measurement system and developing a 
methodology for obtaining high accuracy anthropometric foot measurements 
during gait.  
 
 Calibrating the components of the developed 3D image-based measurement 
system. 
Objective 2: To determine whether conventional static foot measurement and 
analysis techniques can be applied to dynamic foot measurement and analysis 
(Chapter 4).  
The objective will be achieved through the following:  
  Assessing the accuracy, precision and reliability of the measurements 
acquired from the dynamic measurement system.  
 
 Analysing the effect of increasing the static and dynamic weight-bearing 
applied on the foot on the measurement precision, accuracy and reliability.  
Objective 3: to determine the extent of agreement between the static and dynamic 
Foot Mobility Magnitude (FMM) and Arch Height Index (AHI) (Chapter 5).  
The objective will be addressed through the following:  
 Conducting conventional static manual clinical anthropometric measurements 
of subjects’ feet using calipers.  
 
 Conducting non-invasive dynamic anthropometric measurements of subjects’ 
feet using the developed high accuracy image-based measurement technique. 
  
 Investigating agreements between the static and dynamic FMM and AHI 
measurements using statistical tests of significance, reliability and agreement.  
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Objective 4: to determine the influence of arch height determined from Foot 
Posture Index (FPI) scores on the dynamic FMM and AHI measurements 
(Chapter 6).   
The objective will be addressed through the following:  
 Conducting the clinical FPI assessments.  
 
 Investigating the statistical levels of significance between the FPI scores and 
the FMM and AHI measurements.  
 
 Identifying which of the six FPI components has the highest impact on the 
dynamic FMM and AHI measurements.  
1.6 Significance of research  
 Developing a technique which allows for high-accuracy 3D anthropometric 
measurements of the foot to be obtained during gait.  
 
 Developing a methodology which allows for accurately synchronising 
dynamic foot measures with corresponding ground reaction forces and the 
different steps of the gait cycle.  
 
 Determining the relationship between conventional static FMM measures and 
the dynamic foot behaviour during gait.  
 
 Determining the relationship between the static and dynamic AHI measures. 
 
  Determining whether the foot length or the truncated foot length provide a 
better prediction of the AHI during gait.  
 
 Determining whether changes in weight-bearing between 10% and 50% or 
10% and 90% for static measurements provide a better predictor of the 
dynamic behaviour of the foot during gait.  
 
  Determining whether there is a level of correlation between FPI 
classification scores and the dynamic FMM and AHI.  
 
 Identifying whether any of the individual components of the FPI provide a 
better prediction of the dynamic FMM and the AHI scores.  
1.7 Research scope 
This thesis focuses on applying accurate image-based close-range photogrammetric 
techniques for determining the behaviour of the foot dynamically. The dynamic foot 
measurements are then compared with conventional static foot measurements to 
identify the association between the two measurement techniques. The scope of the 
 Chapter 1                                                                                                                      6 
 
study will be limited to two measurement techniques based on the dorsum as a point 
of reference during changing weight-bearing conditions acting on the foot. The two 
techniques; namely the AHI and FMM are selected based on their higher reliability 
and validity when compared to other clinical foot posture and mobility assessment 
techniques. After the relationships between the static and dynamic measurements are 
identified, the FPI will be used to analyse the relationship between foot posture and 
the dynamic FMM and AHI. The FPI will also be used to assess which segment of 
the foot is most closely related to dynamic AHI and FMM measures.   
1.8 Thesis outline  
The thesis outline is provided separately for each chapter as follows:  
Chapter 2: Literature review. 
The chapter provides a review of the existing literature on static clinical foot posture 
assessment methods and measurement techniques based on the structure of the MLA 
that are used to predict foot mobility. It then examines the current technologies used 
to create 3D shape information for deriving anthropometric measurements statically 
and dynamically.  
Chapter 3: Design of an accurate 3D image-based system for dynamic foot 
measures.  
This chapter details the design of the accurate image-based measurement technique 
used for dynamic foot anthropometric data collection during gait based on the 
concepts of close-range photogrammetry. Accuracy, precision and reliability 
assessments of the designed system will be investigated in this chapter.  
Chapter 4: The effect of changing weight-bearing on foot measurement accuracy. 
The between-tester measurement accuracy of conventional caliper measurements 
will be investigated in Chapter 4. The chapter focuses on the effect of changing foot 
weight-bearing on the measurement accuracy and comparing conventional caliper 
measurements with the developed image-based, dynamic data capture system 
measurements.  
Chapter 5: Comparing static and dynamic Foot Mobility Magnitude (FMM) and 
Arch Height Index (AHI) measures.  
This chapter addresses the application of the developed high accuracy dynamic data 
capture photogrammetric system for collecting the foot anthropometric 
measurements used in calculating the dynamic FMM and AHI. These dynamic 
measurements are then correlated with static conventional clinical FMM and AHI 
measures conducted by two testers. Statistical analysis of reliability, correlation and 
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significance will then be used to conclude whether current static clinical assessments 
of the FMM and AHI reflect the behaviour of the foot during dynamic gait. 
Chapter 6: Relationship between Foot Posture Index (FPI) and dynamic FMM 
and AHI.  
This chapter describes the relationship between foot postures obtained from clinical 
FPI assessments and the dynamic foot mobility based on the FMM and AHI 
measures. The six components of the FPI assessment will be individually compared 
with the dynamic FMM and AHI to determine whether any of the components 
provides higher levels of correlation to the dynamic foot measures.  
Chapter 7: Conclusion, limitations and future recommendations.  
The thesis concludes with a brief discussion of the research outcome along with 
limitations identified from the research. Finally, recommendations for future 
research will be presented.  
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Chapter 2: Literature review  
2.1 Introduction  
In the previous chapter, the fundamental research issues were outlined. This chapter 
aims to provide a detailed review of relevant literature to aid in the detailed 
understanding of the research issues, direct the reader to the research gap and 
provide an understanding of the research aim and objectives. The first part of the 
chapter focuses on the conventional foot assessment techniques used by clinicians to 
predict the dynamic behaviour of the foot. The second part details the current 
measurement methods and technologies specific to foot measurement applications 
and highlights their limitations. 
2.2 Static clinical foot assessment techniques 
In an attempt to identify the functionality of the human foot, a large number of 
studies have been dedicated to identifying the influence of foot morphology on foot 
function. Differences in foot morphology between individuals have been identified 
as a result of many factors including; ethnicity (Igbigbi and Msamati, 2002), type of 
foot wear (Pezzan et al., 2009), injury (Bandholm et al., 2008; Bennett et al., 2001) 
and gender (Nielsen et al., 2009). As the foot shape and its biomechanics differ 
between individuals, clinical assessments regard the Medial Longitudinal Arch 
(MLA) as the main source of foot variability (Razeghi and Batt, 2002). The MLA is 
the largest arch of the foot and is regarded as the most important foot arch in clinical 
assessments due to its influence on lower limb function (Murley et al., 2009; Nigg et 
al., 1993), postural stability (Cote et al., 2005) and foot pain (Burns et al., 2005; 
Statler and Tullis, 2005). Each foot is classified as either pronated (low-arched), 
supinated (high arched) or normally arched based on the structure of the MLA (Fan 
et al., 2011).  
The foot is comprised of 26 bones (Figure. 2.1) and the MLA is collectively 
made up of the calcaneus, talus, navicular, cuneiform, and the medial metatarsal 
bones (Abboud, 2002). Being the largest arch of the foot, the MLA absorbs most of 
the body’s impact during gait and provides the most significant support to the foot 
during weight-bearing activities.  
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Figure 2.1: Structure of the foot (Abboud, 2002).  
 
There are currently a number of techniques used to classify the foot in a 
static state based on measurements of the MLA. The most popular techniques use the 
navicular bone measurements as a point of reference for assessing the MLA. These 
static measurements are then used to predict the behaviour of the foot arch in a 
dynamic state.  
2.3 Assessment techniques based on changes in the navicular bone  
2.3.1 The Navicular Drop Test (NDT) 
The Navicular Drop Test (NDT) was originally developed by Brody (1982) to 
quantify the sagittal plane mobility of the mid-foot. The NDT measures the change 
in height of the navicular bone when the foot position is changed from subtalar 
neutral (loaded) to a relaxed weight-bearing state (minimally loaded). The first 
applications of the NDT were to evaluate foot pronation in runners and to predict 
injuries amongst them (Brody, 1982; Sell et al., 1994). Three variations of the 
Navicular Drop Test were found in the literature; namely: 1) bilateral stance (BLS) 
Navicular Drop, 2) Single-limb stance (SLS) Navicular Drop and 3) Sit-to-Stand 
Navicular Drop (SSNDT).  
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2.3.1.1 Bilateral Stance (BLS) Navicular Drop Measurements 
This technique was the original Navicular Drop test developed by Brody (1982) and 
it requires the subject to stand with double-limb support on a firm surface while the 
tester places the subtalar joint in a neutral position by palpation. Measurements of 
the navicular bone height are then collected from the supporting surface. The subject 
is then instructed to relax their foot and once again the navicular bone is measured 
from the supporting surface. The height of the navicular bone in the subtalar neutral 
position is then subtracted from the height of the navicular bone in the relaxed foot 
state and this gives the value of the ND as a result of the change in weight-bearing 
(Figure 2.2). 
 
                                        (a)                                                (b) 
Figure 2.2: (a) Navicular bone position at subtalar joint neutral and (b) 
navicular bone position when the foot is relaxed. The navicular Drop 
is the result of the change in weight-bearing (Menz, 1998).  
 
Brody (1982) reported that a Navicular Drop value of approximately 10 mm 
is regarded as normal and anything greater than 15 mm is classified as abnormal. 
Since then, a number of studies have challenged these results due to conflicting BLS 
ND results evident between studies. Mueller et al. (1993) obtained averaged 
Navicular Drop values of 7.3 mm whereas Woodford-Rogers et al. (1994) noted 
values for Anterior Cruciate Ligament (ACL) injured football players of 8.4 mm and 
5.9 mm for non-ACL injured players. In contrast, an average ND value of 8.1 mm 
was obtained by Allen and Glasoe (2000). In a study conducted by Moul (1998) 
differences in the bilateral Navicular Drop results were found between genders 
where ND values between 8.50 mm and 8.87 mm were reported for males and 7.31 
mm to 7.37 mm for females. The between-gender results were also confirmed by 
Nielsen (2009) who found that the foot length also influences the ND measurements. 
It is hence recommended that the Navicular Drop must be tested for subjects with 
similar foot lengths and gender. 
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Reliability studies based on Intra-tester reliability (between-sets) and Inter-
tester reliability (between-testers) have also been shown to be largely varied between 
studies. Intraclass Correlation Coefficients (ICCs) were found to be ranging between 
0.33 which indicates poor reliability (Vinicombe et al., 2001) to 0.97 which signifies 
excellent reliability (Allen and Glasoe, 2000). The variations in the reliability studies 
are the result of inconsistencies between different testers in placing the subtalar joint 
in a neutral position and in palpating and identifying the location of the navicular 
bone (McPoil et al., 2008a). Another source of between-tester inconsistencies is the 
difficulty in determining and maintaining the required weight-bearing during 
measurements (Deng et al., 2010). Nielsen et al. (2010) quantified the amount of 
uncertainty in identifying the location of the navicular bone through between-day 
measurements and reported a variability of 4-5 mm.  
To validate the Navicular Drop test as a measurement technique for 
predicting the behaviour of the foot with changing weight-bearing, Williams and 
McClay (2000) used lateral radiographs. The navicular height measures were taken 
at 10% and 90% weight-bearing (WB) stance conditions. It was assumed that at 10% 
WB, the foot plantar surface is in a minimally weighed position while the entire 
plantar surface is in contact with the ground. The 90% WB condition is the 
percentage sufficient to observe any changes in the foot under load and hence 
provide a good description of foot mobility. The results of the ICCs for comparison 
between the clinical and radiographic measures of NH were 0.874 and 0.918 for 10% 
WB and 90% WB respectively. Inter-tester reliability was 0.924 for 10% WB and 
0.608 for 90% WB. The higher reliability results for the 10% WB were speculated to 
be due to the difficulty in identifying the position of the navicular bone during 
clinical measurements when the foot is in the 90% WB stance condition. This is the 
direct result of the stretching of the underlying tissue with increasing weight-bearing 
which inadvertently changes the location of the navicular bone.  
2.3.1.2 Single-limb stance (SLS) Navicular Drop test  
A few studies used a variation of the Double limb support NDT in which only single 
leg support was used for the duration of the navicular height measurements. These 
studies selected Single-Limb Stance (SLS) Navicular Drop based on the study 
conducted by McPoil and Cornwall (1996) who found that the SLS was a better 
predictor of the foot mobility and function during the mid-stance phase of gait. To 
conduct the SLS measurements, subjects stand with equal weight-bearing on each 
foot and the navicular height is measured. The subjects then shift their full weight on 
just one limb (Shrader et al., 2005) and the difference in the position of the navicular 
bone is used to determine the SLS ND. Vinicombe et al.(2001) used the SLS ND 
technique and achieved ICC values ranging from 0.44 to 0.91 for intra-tester 
reliability and between 0.56 and 0.78 for inter-tester reliability. The authors 
speculated that the poor reliability results compared to the Double-limb support NDT 
was likely due to measurement errors resulting from the participants changing their 
foot posture to maintain their balance during the SLS measurements.  
Following on from these studies, Bennett et al. (2001) and Shrader et al. 
(2005) both used the SLS technique for subjects with foot problems. The study 
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conducted by Bennett et al. (2001) was for the purpose of identifying the relationship 
between foot pronation and the occurrence of Medial Tibial Stress Syndrome 
(MTSS). From the SLS Navicular drop results, a positive relationship was identified 
between the two. Similarly, the aim of the study conducted by Shrader et al. (2005) 
was to test the reliability of the NDT measurements for patients with Rheumatoid 
Arthritis. Both the traditional bipedal stance and SLS Navicular drop techniques 
were used and the results were compared. Their findings indicated that there was no 
increase in the Navicular Drop values when the two results were compared. ICC 
values for inter-tester reliability ranged between 0.85 and 0.96, whereas intra-tester 
reliability was consistent between three examiners and ranged between 0.90 and 
0.98. The similarities in the reported results to the double-limb support Navicular 
Drop indicate no improvement in the measurement technique and hence the 
disadvantages were also found to be significant.  
2.3.1.3 Sit-to-stand Navicular Drop test (SSNDT) 
Another version of the Navicular Drop test was used by Deng et al. (2010) to 
determine the change in the navicular height between subjects exert 5% WB on their 
foot while sitting and when standing with 70% - 80% body weight applied on their 
foot. From their study, the authors found lower than expected intra-tester (ICC = 
0.68 – 0.78) and inter-tester (0.72) reliabilities for the SSNDT technique compared 
to SLS ND measures. The authors speculated the reason to be due to the two 
Navicular height measurements used to calculate the SSNDT not being perfectly 
reliable. Although the SSNDT eliminated the need for the testers to place the foot in 
a Subtalar position and hence improving the intra-tester agreement, errors resulting 
from having to palpate and mark the navicular bone remained.  
2.3.2 Navicular Drift test  
Menz (1998) suggested that in order to correctly identify the foot posture, medial-
lateral movement of the navicular bone during weight-bearing should also be 
assessed alongside the sagittal plane movements determined from the ND test. 
Cornwall and McPoil (1999) confirmed the suggestion made by Menz (1998) when 
they assessed the navicular bone during movement using an electromagnetic tracking 
system. This was the motivation behind the development of the Navicular Drift test.  
The Navicular Drift test is conducted in a manner which is similar to the 
BLS Navicular Drop but the only difference is that the change in the navicular bone 
is measured in the traverse plane after changing the loading on the foot (Figure 2.3). 
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Figure 2.3: Navicular Drift as a result of change in weight-bearing 
(Menz, 1998).  
 
Similar to the Navicular Drop, the reliability of the Navicular Drift 
measurements were found to be inconsistent between studies. Vinicombe et al. 
(2001) obtained intra-tester ICC values ranging from 0.44 to 0.77 with a Standard 
Error of Measurement (SEM) ranging between 1.75 mm and 2.24 mm. Inter-tester 
reliability was in the range of 0.32 to 0.53 with SEM ranging between 2.30 and 2.47 
mm. These results signified poor results. The mean Navicular Drift measurement 
was 7 mm ± 3 mm. The authors concluded from these results that the clinicians must 
practice caution when making informed decisions regarding measurements obtained 
using the Navicular Drift method. 
In another study, Billis et al. (2007) assessed the Navicular Drift on 26 
subjects for the purpose of correlating two different foot posture assessment 
techniques. Each subject’s foot was assessed both in single-leg and bipedal stance. 
One examiner conducted all the Navicular Drift measurements and the mean result 
was 14.1 mm ± 4.4 mm for single-limb stance and 10.1 mm ± 3.2 mm for bipedal 
stance. The intra-tester reliability of the Navicular Drift measurements were regarded 
as good with ICC values ranging between 0.95 and 0.99. However, because only one 
tester conducted the measurements, inter-tester reliability values were not reported.  
2.4 Assessment techniques based on changes in the dorsum bone 
2.4.1 Foot Mobility Magnitude (FMM) 
The Foot Mobility Magnitude (FMM) was developed by McPoil et al. (2009) in an 
attempt to incorporate both the sagittal and medial-lateral mobility of the mid-foot in 
a single test while maintaining a high level of measurement reliability. The main aim 
of the test was to eliminate the problems identified with the Navicular Drop and 
Navicular Drift measurements. To achieve this, the FMM replaced measuring the 
navicular bone with collectively measuring the sagittal and medial-lateral changes in 
the dorsum of the foot at 50% of the total foot length (FL) during weight-bearing and 
non-weight bearing. To measure the FMM, the following equation is used:  
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𝐹𝑀𝑀 =  √(𝐴𝐻𝑚𝑎𝑥 − 𝐴𝐻𝑚𝑖𝑛)2 + (𝐹𝑊𝑚𝑎𝑥 − 𝐹𝑊𝑚𝑖𝑛)2                                        (2.1) 
Where, AHmax is the dorsum height at 50% FL during maximum weight bearing,  
AHmin is the dorsum height at 50% FL during minimum weight bearing,  
FWmax is the foot width at 50% FL during maximum weight bearing, and 
FWmin is the foot width at 50% FL during minimum weight bearing 
The selection of the dorsum as a reference point for the FMM 
measurements was based on the results from a study originally conducted by 
Williams and McClay (2000). In the study, the authors found that measuring the 
height of the dorsum under different weight-bearing conditions provided better 
results than using the navicular bone for the same weight-bearing measurements. It 
was found that the reliability dropped significantly (from ICC = 0.924 to ICC = 
0.565) when the weight-bearing was changed from 10% to 90% when the navicular 
height was measured relative to the foot length. Measuring the dorsum height 
provided significantly higher reliability when the weight-bearing was changed from 
10% to 90% (from ICC = 0.854 to ICC = 0.848). The dorsum measurements 
eliminated the need to palpate the navicular bone and hence reduced the 
inconsistencies between testers for conducting the ND test. This is particularly useful 
for the 90% weight-bearing condition when it becomes difficult to identify the 
locations of the bone landmarks as the underlying soft tissue becomes taut with 
increased weight-bearing acting on the foot. Another advantage of the dorsum 
measurements is the high validity achieved when compared to radiographs (McPoil 
et al., 2008b).  
To test the reliability and normative values for the FMM, 345 subjects’ 
FMM measurements were collected between 90% weight-bearing and 10% weight-
bearing using calipers (McPoil et al., 2009). The results of the study showed that the 
measurements for the change in dorsum height, change in foot width and the 
collective FMM measurements demonstrated high intra-tester and inter-tester ICC 
values. Intra-tester reliability ranged between 0.83 and 0.86 with a Standard Error of 
Measurement (SEM) ranging from 0.07 mm to 0.13 mm. The inter-tester reliability 
of the measurements ranged from 0.82 to 0.93 for both the left and right feet of the 
participants; with SEM values ranging from 0.06 mm to 0.13 mm. Hence the results 
signified excellent reliability when compared to previous measurement techniques 
which assessed the changes in the navicular bone. Sheykhi-Dolagh et al. (2014) used 
the FMM for an application of assessing the influence of three different types of foot 
orthotics (soft, semi-rigid and rigid) on foot mobility. The study found that the semi-
rigid orthotic provided the highest level of foot mobility.  
2.4.2 Arch Height Index (AHI) 
The Arch Height Index (AHI) is calculated as a ratio of the dorsum height of the foot 
(vertical height at 50% foot length) to the truncated foot length (distance between the 
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most posterior point of the calcaneus to the first metatarsophalangeal joint). Figure 
2.4 shows the dorsum height as distance D-C and the truncated foot length as 
distance B-E. 
 
 
Figure 2.4: Measurements used to determine the AHI (Pohl and Farr, 
2010). 
 
The AHI was first used by Williams and McClay (2000) to determine 
whether normalising a number of bone landmarks on the total foot to the foot length 
would provide a better estimate of foot mobility. In their study, the navicular height 
and the dorsum height at 50% FL were normalised both to the total foot length as 
well as the truncated foot length for each subject during both 10% weight-bearing 
and 90% weight-bearing. The most reliable results were achieved from the ratio of 
the Dorsum height to the truncated foot length. Inter-tester reliability values reported 
were ICC = 0.811 for 10% weight-bearing and ICC = 0.848 for 90% weight-bearing. 
To obtain concurrent validity of the results, the authors also used lateral radiographs 
for participants in 10% weight-bearing and 90% weight-bearing stance conditions. 
ICC values for the agreement between the clinical and radiographic measurements of 
the AHI ranged from 0.844 to 0.851 for the 10% weight-bearing and 90% weight-
bearing stance conditions respectively. Hence it was concluded that measuring the 
AHI with the dorsum as a reference for the MLA measurements provides better 
reliability and a better prediction of the behaviour of the MLA under loading than 
using the navicular bone.  
Butler et al. (2008) also assessed the reliability of the AHI for 100 runners 
(50 males and 50 females) and obtained very high inter-tester (ICC = 0.98 - 0.99) 
and intra-tester (ICC = 0.96 - 0.99) reliability results. From their study, they 
concluded that the AHI results are not influenced by gender.  
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2.5 Assessment technique based on multiple foot components 
2.5.1 Foot Posture Index (FPI) 
The Foot Posture Index (FPI) was developed to be a multifunctional, visual foot 
posture assessment tool which was originally developed by Redmond et al. (2001). 
The first version of the FPI integrated eight variables (FPI-8) that were used 
collectively to describe the foot using a scoring system. However, the eight variables 
were eventually reduced to six variables (FPI-6) after revision and the FPI-6 has 
since been confirmed as a valid, reliable and popular tool for assessing foot posture 
(Redmond et al., 2008; Keenan et al., 2007; Cornwall et al., 2008).  
The six-component foot posture classification criteria are collected with the 
patient standing in a relaxed stance position with double limb support. The six 
components are as follows: 1. talar head palpation, 2. supra and infra lateral 
malleolar curvature, 3. inversion/eversion of the calcaneus, 4. prominence in the 
region of the talonavicular joint, 5. height of the congruence of the MLA and 6. 
abduction/adduction of the forefoot on the rear foot. The six classification criteria are 
shown in Figure 2.5.  
 
           
Figure 2.5: The FPI-6 Index components from left to right: talar head 
palpation, supra and infra lateral malleolar curvature, 
inversion/eversion of the calcaneus, prominance in the region of the 
talonavicular joint, height of the MLA congruence and 
abduction/adduction of the forefoot. 
Each of the six observations are graded 0 for neutral arch, a maximum score 
of +2 for the maximum amount of pronation (low arch) and a minimum score of -2 
for the maximum amount of supination (high arch). Therefore a collective score for 
all the six variables is expected anywhere between -12 and +12. A range from -12 to 
-1 indicates a supinated foot, 0 to +5 is classified as a normal foot and between +6 
and +12 as pronated.  
The intra-tester and inter-tester reliability of the FPI-6 was assessed by 
Cornwall et al. (2008). Although they obtained very high levels of intra-tester 
reliability for all the measurements (ICC > 0.90), their inter-tester reliability results 
were found to be only moderate (ICC ranging from 0.525 to 0.655). From the results, 
the authors indicated that the FPI foot posture assessment is influenced by the 
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tester’s perspective of the measurements. Nielsen et al. (2010) conducted a study to 
investigate the relationship between the FPI scores and the ND during mid-foot 
movement. The authors found that the FPI scores were only 13.2% correlated with 
the dynamic ND results.  
Table 2.1 provides a summary of the current foot clinical assessment 
techniques based on the navicular bone and the dorsum bone measurements. It is 
clearly identified from the literature review that the foot assessment techniques based 
on the dorsum measurements provide more advantages than the navicular 
measurements, particularly in terms of reliability and validity tests. 
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2.6 Conventional static foot measurement techniques 
2.6.1 Calipers and rulers 
Through the literature review, no single assessment equipment was used for all the 
studies including comparative studies between authors. This makes comparisons 
between measurement methods difficult. The current conventional foot measurement 
techniques use a combination of rulers and calipers to conduct the manual 
measurements (Figure 2.6). Details on the measurements can be found in De Mits et 
al. (2010), Cornwall and McPoil (2011) and Pohl and Farr (2010).  
 
   
Figure 2.6: Calipers and rulers used to measure the foot. Left: Cornwall 
& McPoil (2011), middle: McPoil et al. (2008a), right: Pohl and Farr 
(2010). 
 
2.6.2 Brannock device 
The Brannock device (www.brannock.com) is the most common foot measurement 
technique for developing shoe lasts. It works by placing the foot on the left or right 
heel cup while a moveable arch length pointer and a moveable width bar are aligned 
to coincide with the ball joint of the foot (Figure 2.7).  
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Figure 2.7: Brannock device (Viswanathan, 2013) 
 
Although the device is suitable for most foot measurements, it is not 
suitable for measuring a person with foot deformity such as subjects with Hallux 
Valgus (Witana et al., 2006). Therefore, their use is limited to measuring normal 
subjects’ feet, particularly for the manufacturing of shoe lasts or fitting shoes.  
2.6.3 Footprint measurements 
Footprint measurements involve taking an imprint of the sole of the foot and the 
contact area with the surface of the imprint is used for the foot classification. A 
number of indices have been developed to quantify the footprint measurements and 
these are summarised in Figure 2.8. The two most common indices are the Arch 
Index (AI) (Onodera et al., 2008) and Footprint Index (Razeghi and Batt, 2002; Reel 
et al., 2010). Footprint measurements are usually obtained with an ink mat, 
capacitive mat transducer (Chen et al., 2006) or a mirrored foot photo box (Mall et 
al., 2007). The disadvantages of the footprint measurements are numerous and 
include limited information regarding the bony landmarks on the foot, lack of 
normative values for the measurements and the high cost of capacitive mat 
transducers and mirrored photo boxes.  
 
Figure 2.8: Common footprint measurements (Menz, 1998). 
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2.6.4 Radiographic measurements 
Radiographic measurements of the foot are regarded as the ‘gold standard’ in clinical 
examination of foot posture prediction as it can directly measure the locations of 
bony landmarks while the subject is standing in a full weight-bearing position. The 
commonly derived measurements from radiographs which are used for comparisons 
with other static foot measurement techniques are shown in Figure 2.9. 
   
Figure 2.9: Radiographic measurements used to classify the foot arch. 
Left: (Taylor et al., 2012) and right: (De Mits et al., 2010) 
Radiographs have become less feasible in recent years due to time 
consumption of data collection, expense and the negative effects on health from the 
radiographic exposure. Radiographs have been used to study the reliability of other 
foot posture measurement techniques and identify how the techniques correlate with 
each other (Menz and Munteanu, 2005).  
2.6.5 Static 3D foot scanning techniques 
In recent years, digital scans in the form of 3D reconstructions of the foot have 
become popular among foot clinicians and specialists for a number of applications. 
Some of the applications include footwear manufacturing, insole and orthotic design, 
surgical planning and intervention, and foot deformity studies (Yu et al., 2008; 
Kouchi and Mochimaru, 2001; Telfer et al., 2012; Mavroidis et al., 2011; De Mits et 
al., 2009). This section provides a review of the technologies used to create 3D foot 
scans with their strengths and limitations. 
2.6.5.1 Time-of-flight (ToF) cameras 
Time-of-flight (ToF) cameras are active range sensors which are composed of an 
infrared emitter and a CMOS/CCD sensor housed in a single unit. The emitter 
illuminates the object with the infrared light and the depth information of the object 
is determined based on the time-of-flight principle which measures the two-way 
travel time of the infrared light from the emitter to the sensor (Figure 2.10). Each 
 Chapter 2                                                                                                                    22 
 
pixel in the sensor obtains the depth information and together a depth image is 
acquired (Castaneda et al.; Cui et al.).  
 
Figure 2.10: left: example of a time-of-flight camera setup (Lindner et 
al., 2010) and right: two-way travel time of the light travel (Castaneda 
et al.). 
The advantages that time-of-light cameras include their compact size, 
relative low cost and the fast data acquisition frame rates. However, they have 
resolutions lower than 320 x 240 pixels (Bartczak and Koch, 2009; Schuon et al.) 
and different sources of measurement errors. Calibration of the sensors is often 
complex and time consuming as most of the calibration models developed for the 
technology can only cover one error source at a time (Lindner et al., 2010). Although 
the ToF technology has been used for human body scanning (Tong and Kong, 2013; 
Diraco et al.; Schwarz et al.), only one study was found for the application of foot 
scanning. In the study conducted by Liu et al. (2011), a housing system with three 
ToF cameras was used to measure the dorsum and the sole of the foot for foot 
deformation analysis. However, the study did not include any information regarding 
the reliability and the validity of the system for accurate 3D foot measurements.  
2.6.5.2 Structured light scanning 
This type of imaging technique is based on object surface illumination with spatially 
varying intensity generated by a projector or spatial light modulator. The digital 
signal which is projected represents the intensity of each pixel on the structured light 
pattern. The illuminated object is then captured using an imaging sensor and the 
distortion of the light pattern caused by the geometric shape of the imaged object is 
recorded (Figure 2.11).  
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Figure 2.11: Structured light principle (Geng, 2011). 
The 3D shape of the object along with accurate 3D profiles of the surface can then be 
determined by using different principles and algorithms (Ishii et al., 2007; Guan et 
al., 2003). The illuminated pattern can either be random or structured. Adding a 
structured light is often referred to as Coded Structured Light (CSL) and allows for a 
simpler and more efficient solution to 3D surface modelling. The CSL projected can 
be in the form of a coded sequence or a coloured pattern of stripes (Figure 2.12) 
which further aids in the object detection (Thabet et al., 2014). There are numerous 
structured light surface imaging techniques and more details regarding the different 
options are provided by Geng (2011), Salvi et al.(2010) and Chen et al. (2008).  
       
Figure 2.12: Projected Structured Light patters. Left: Coloured stripe 
pattern (Thabet et al., 2014) and right: random speckled pattern (Chen 
et al., 2008). 
In 2009, Jezeršek and Možina developed high-speed multi camera-laser 
pairs based on structured lighting to create a 3D foot surface. The authors’ 
motivation for the study was to develop the technique to eliminate the problem of 
mutual interference between multiple measurement sensors used in structure lighting 
as it limits the object shape reconstruction to a single-view configuration. The 
system proved to be an accurate and reliable method for constructing an entire static 
3D foot shape. However, the only limitation with the system was its complexity as it 
requires the use of additional mirrors in order to create a complete 3D model of the 
entire foot surface.  
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In similar studies, Ke et al. (2009), Schmeltzpfenning et al.(2011) and 
Schmeltzpfenning et al. (2009) used the structured light technique to create 3D foot 
models for different applications. More recently, the accuracy and repeatability of 
the Coded Structured Light technique for measuring the 3D plantar shape of the foot 
was tested by Thabet et al. (2014). The accuracy obtained for a static plantar surface 
of the foot was less than 0.3 mm while the repeatability results had a mean error of 
2.4 mm and a standard deviation of 2.1 mm. Although the accuracy of the technique 
was sufficient for a static plantar foot surface, a 3D model of the entire foot surface 
could not be achieved and the technique is hence unsuitable for foot anthropometry.  
2.6.5.3 Laser scanning  
Using range-based laser scanners to create 3D shapes of the foot is the most common 
technique found in the literature. Laser scanners are typically composed of a laser, an 
optical system and a sensor housed in a single unit. There are many different 
manufacturers of laser scanners designed for medical applications including K-Scan 
(Metris/ Nikon Metrology), Vectra 3D scanner (MedEIM) and FastSCAN 
(Polhemus). Some of the differences in the laser scanners depend on the 
measurement technique which can be based either on triangulation or time-of-flight. 
The difference between the two laser scanning technologies is illustrated in Figure 
2.13.  
 
 
 
        
         
             a) Time-of-flight                                                  b) Triangulation 
Figure 2.13: Laser scanning technology based on a) Time-of-flight and 
b) Triangulation. 
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As the name suggests, the triangulation method is based on measuring the 
location of the laser on the object through triangulation. With the ToF method, the 
distance is determined by calculating the two-way travel time of the laser from the 
scanner to the object. 
Kouchi and Mochimaru (2001) used an INFOOT scanner to determine the 
reproducibility of anthropometric foot measurements by comparing the INFOOT 
measurements to traditional measurement techniques. Although the maximum 
difference in the measurement was less than 1.5 mm, six out of the seven 
measurements showed significant differences from a paired t-test statistical analysis.  
Luximon and Goonetilleke (2004) used a laser scanner to determine 
whether a parametric approach to foot shape prediction was suitable from a number 
of anthropometric measurements on the foot. The errors in the results obtained were 
2.1 mm and 2.4 mm for the left and right foot models respectively when compared 
with measurements from a Brannock device. These errors were identified as a result 
of the foot movement during scanning as it was not possible to remove the effects of 
slight movements in the foot during the relatively long duration of the measurements 
which can take up to 30 seconds.  
In a similar comparison analysis tests, Zhao and Goonetilleke  used a YETI 
(Company: Vorum) foot scanner and nine foot dimensions were compared on the 
scanned foot with manual measurements. The highest measurement variation 
between the scanner and manual measurements were found in the foot length 
measurements. This is indicative of measurement sensitivity to changes in the 
subjects’ foot posture for the duration of the scanning. The results obtained for the 
comparison with manual measurements from Witana et al. (2006) were also 
significant for eight out of ten measurements. The authors identified that differences 
were attributed to changes in the geometry of the laser system during scanning which 
could introduce measurements errors in the order of millimetres. Martedi et al.(2009) 
identified another problem when studying the 3D sole of the foot from laser 
scanning. The authors found that the intensity of the skin on the sole of the foot 
changes with different weight-bearings and hence creates more noise on the 3D data 
model.  
Foot scanning has also been used in foot surface database records. Yu and 
Tu (2009) used a Gemini 3D foot scanner (Company: ITRI) to obtain a foot surface 
area database for 135 subjects (Figure 2.14). The resulting measurement errors were 
all less than 1.0 mm however a limitation was identified in the acquisition rate which 
takes approximately six seconds to complete a full scan which deteriorates the 
measurement accuracy. 
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Figure 2.14: The Gemini 3D foot scanner used by Yu & Tu (2009).  
 
2.6.5.4 Moiré technique 
The first application of the Moiré technique for human body measurement was 
conducted by Takasaki (1970) to evaluate the back. Other authors including Madden 
and Karlan (1979), Xenofos and Jones (1979) and Creath (1988) followed up to 
study other parts of the human body. In these older studies, the Moiré technology 
relied on fringe counting for measurements which introduced measurement 
uncertainties and sign ambiguities. To deal with this issue, a great deal of 
information regarding the shape of the measured object was required. 
More recently, Vecchio et al. (2012) used a variation of the Moiré 
technology where a phase shifted Moiré projection was applied on a plaster mould of 
the foot to determine the level of measurement uncertainty. The phase shifting 
technology used a Moiré pattern that was projected at an oblique angle on the foot 
mould and shifted digitally (Gomes et al., 2010) while a single CCD camera imaged 
the foot mould normal to the centre of the mould (Figure 2.15).  
 
 
Figure 2.15: The Moiré technique applied on the foot plantar (Vecchio 
et al., 2012). 
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Although the current technology had the advantage of automation and fast 
processing, disadvantages were found for the measurement accuracy test. 
Measurement errors of 2.0 mm were reported around the MLA and high levels of 
uncertainties were found in the Z coordinate. This was due to uncertainties with the 
fringe order and geometric parameters apparent from the phase shifting method. 
2.6.5.5 Image-based close-range photogrammetry 
Close-range photogrammetry is often defined as the science of deriving the size, 
shape and location of an object from images sourced from film or electronic media 
when the imaging sensor is positioned at close range to the object (Atkinson, 1996; 
Luhmann et al., 2006). The basic principle of close-range photogrammetry relies on 
the Central Perspective Projection Model geometry. The perspective projection is 
determined through the transformation of data from a higher dimensional space to a 
lower dimensional space (Mikhail et al., 2001). A pinhole camera model is then used 
to model the perspective projection where light rays travel from the object through 
the ‘pinhole’ aperture onto the image plane (Figure 2.16 left).  
     
Figure 2.16: The central perspective projection (left) and the multi-
camera 3D network configuration (right) of dense image rays 
(Luhmann, 2010). 
The image of the object is then produced through the light intersection with 
the image plane and the coordinates of the objects are determined through the 
collinearity condition that exists between the imaged object point, the pinhole model 
and the image point. 
In brief, 3D photogrammetry uses multiple images of an object from 
multiple views and angles to reconstruct a dense array of points in 3D space which is 
often referred to as a ‘point cloud’ (Wong et al., 2008). The 3D dense object points 
are interrelated by their positional information along an x, y and z coordinate system 
which allows for the 3D distances along these points to be determined. When a 
multiple set of images of an object are collected with an imaging sensor, the images 
are considered a multi-station bundle network. This network provides a high level of 
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redundancy and reliability for the object coordinates, camera position and camera 
calibration parameters (Figure 2.16 right).  
In addition to the high precision and accuracy of the 3D multi-image 
photogrammetric technique (below 0.3 mm in recent studies such as Chong, 2012; 
De Menezes et al., 2010; Luhmann, 2010), several advantages are provided. These 
advantages include its low cost when compared to other 3D measurement 
technologies (Chong, 2011; Chong, 2007), non-invasiveness (Rieke‐Zapp and 
Nearing, 2005; Ladeira et al., 2013), instantaneous data capture ability (Wong et al., 
2008), ability for data post processing (Luhmann, 2010), and rapid data acquisition 
capability (Kau et al., 2011; Ladeira et al., 2013).  
Although photogrammetry has been found to be a common method in the 
literature for human body mapping (Kau et al., 2007; Van Loon et al., 2010; 
Catherwood et al., 2011; Kau et al., 2010), specific applications for foot modelling 
using this technique are scarce. Kondo et al.  used photogrammetry to generate low 
cost customised virtual 3D foot models by using a number of feature points between 
images taken from different angles and views using a single camera. The reported 
average error was 1.1 mm with a standard deviation of 0.23 mm. The error could 
have been significantly reduced if multiple synchronised cameras were used as it 
would have reduced the error sources resulting from the involuntary foot movement 
during imaging.   
Luo et al. (2012) used eight cameras to obtain a multi-view of a static foot 
for constructing customized shoe lasts and reported an accuracy of 2.42 mm for the 
final barefoot model which was then used to create the shoe last. A trial of the 
customized shoe lasts indicated a higher level of comfort for volunteers during 
walking when compared to different generic shoe lasts (Luo and Gong, 2014).  
2.6.6 Dynamic 3D foot measurement techniques 
As discussed in the previous section, a number of technologies are suitable for static 
3D foot scanning measurement applications. However, to be able to understand the 
complex dynamic foot behaviour, accurate dynamic 3D foot scanning and accurate 
measurement techniques are required (Ball and Afheldt, 2002a; Ball and Afheldt, 
2002b). Most of the existing 3D foot measurement systems use laser scanning 
technologies which take several seconds to scan the foot which is not feasible for 
dynamic foot applications. 
The earliest work found in the literature where a complete dynamic foot 
model was achieved was developed by Coudert et al. (2006). In the study, six 
cameras were setup in three stereo-pairs to image a foot from three different angles 
and views. A limitation of the study was that the cameras were low speed cameras 
and they were not synchronised during imaging which caused numerous data gaps in 
their model.  
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Kimura et al. (2005) were the first to develop a technique for capturing 3D 
cross sections of the foot while walking using triangulation between multiple images 
captured from cameras. As the study was preliminary, there were errors due to 
camera calibrations and image matching which contributed to low levels of 
measurement accuracy. The authors then scaled up the project and included more 
participants in Kouchi et al. (2009). The authors found the measurement error to be 
significantly higher (1.6 mm) for breadth measurements compared to a minimum 
error of 0.4 mm for height measurements. In Kimura et al. (2011), the study reduced 
some of the error sources addressed in Kimura et al. (2005) and validated the results 
of the developed system by comparing cross-sections on a foot plaster model 
obtained using a static 3D foot scanner. The average error reported was between 0.23 
mm and 0.37 mm.  
Yoshida et al. (2012) followed up the study above and provided a summary 
of the limitations of the technique. The limitations included low measurement 
frequencies and the inability of the technique to provide complete 3D foot models as 
only cross sectional information could be achieved. Blenkinsopp et al. (2012) used 
three stereo-pairs of high speed cameras (250 frame-per-second) to reconstruct a 3D 
model of the dorsum of the foot during high speed running. The method enabled foot 
morphology to be assessed but no accuracy information was provided in the study. 
The limitation of the study was that no complete coverage of the dorsum of the foot 
could be achieved and the use of additional high speed cameras would be costly in a 
clinical environment.  
Jezeršek et al. (2011) used multiple-laser plane triangulation where three 
cameras and three laser projectors all synchronised on their own unique wavelengths 
were used to construct complete 3D scans of the foot. The given calibrated system 
accuracy was reported as ± 0.5 mm. The only limitation is that the system was not 
validated using statistical analysis or any cohort of participants. More recently, 
Novak et al. (2014) conducted a follow up to determine the accuracy of the system 
for measuring foot dimensions. The system achieved a precision within ± 1.12 mm 
for both the foot width and foot height and ± 1.73 mm for the girth measurements.  
Similarly, Schmeltzpfenning et al. (2011) used structured light with three 
scanning units comprising of separate cameras and projectors to capture the plantar 
surface of the foot during five stance phases of gait. Significant differences were 
observed in five out of seven measurements on the foot. Although the study is 
promising, it only provided results for unloaded plantar differences and the loaded 
parts of the plantar surface could not be studied. The measurement frequency was 
limited to 50 Hz due to the multiple pattern projection technique used in structured 
lighting. In addition, the authors did not include information regarding the accuracy 
and repeatability of the system.  
To compensate for the low measurement frequency in the study conducted 
by Schmeltzpfenning et al. (2011), Mochimaru and Kouchi (2011) studied the 
plantar deformation during walking and running at a measurement frequency of 
200HZ. A single high-speed camera and a projector were utilised. As only one 
camera was used, a complete 3D shape of the foot was not obtained. In addition, the 
study did not provide any data regarding the accuracy of the technique. More 
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recently, Thabet et al. (2014) used the structured light technique to reconstruct the 
plantar surface of the foot over two trials for 27 subjects. The difference in the foot 
reconstruction from the two trials was found to be 2.8 mm ± 1.1 mm. The average 
error computed over five reconstruction sequences was reported as 3.0 mm with a 
range varying between 0.5 mm to 7.0 mm.  
Liu et al. (2011) used three Time-of-flight (ToF) cameras to determine foot 
deformation from dynamic 3D models. The deformation was determined using the 
point set registration technique for consecutive image frames provided by 
Myronenko and Song (2010). Samson et al. (2014) also used the ToF technology 
with three cameras to investigate the behaviour of the foot during dynamic foot roll-
over. The intra-class correlation (ICC) between trial reliability was greater than 0.88. 
Unfortunately no accuracy and validity assessments were provided for the study and 
the accuracy assessment is necessary if the technique is to be used for high accuracy 
measurement applications (Samson et al., 2012). A major drawback of the ToF 
method is reported as the time consumption required for the 3D reconstruction 
(Samson et al., 2014). A summary of the static and dynamic 3D measurement 
technologies with their accuracy capabilities, advantages and disadvantages is 
provided in Table 2.2.  
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2.7 Identified research gap and conclusion 
A review of the conventional clinical foot posture and mobility assessment 
techniques was provided in this chapter. Although these conventional clinical 
techniques were found to be simple to conduct, their main limitation is their inability 
provide an accurate representation of the mobility and deformation of the foot during 
dynamic activities such as gait. Hence a gap was identified in the literature where 
accurate correlations between static and dynamic measures of foot deformations and 
mobility have not been established.  
This thesis aims to bridge this gap by comparing measurements from 
conventional static clinical measurements based on the dorsum as a point of 
reference with the same measurements during gait by using a novel high accuracy 
3D measurement system. The dorsum was selected as the point of reference for the 
measurements due to its higher reliability and validity when compared to the 
navicular bone measurements (Butler et al., 2008; McPoil et al., 2008b; McPoil et 
al., 2009; Williams and McClay, 2000). 
A number of techniques can be used to obtain accurate 3D measurements of 
the human foot. These techniques are: 1) time-of-flight (ToF) cameras, 2) structured 
light scanning, 3) laser scanning, 4) Moiré technique and 5) image-based close range 
photogrammetry. As a result of the outlined advantages of the close-range 
photogrammetric technique provided in this chapter which outweigh the 
disadvantages, this technique is developed for the application of the dynamic 
assessment of the foot during gait. Details of the design and development of the 
close-range photogrammetric technique for the foot gait analysis are provided in the 
next chapter.  
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Chapter 3: Design of an accurate 3D 
image-based system for dynamic foot 
measures 
3.1 Introduction 
This chapter provides details of the design and development of the close-range 
photogrammetric technique which will be used for accurate 3D dynamic foot 
anthropometry to achieve the aim and objectives outlined in Chapter 1. The chapter 
begins with a theoretical background of the concepts used for constructing 3D 
models from 2D images. The concepts include the perspective projection, imaging 
sensor geometries, least squares estimation, and sensor calibrations. The different 
components of the designed dynamic photogrammetric system are illustrated and an 
initial testing of the capability of the developed system is investigated. The final part 
of the chapter includes a discussion of the capability of the developed system and the 
expected research contribution that can be achieved from its use.   
3.2 Theoretical background 
Photogrammetry is a technique used to derive accurate 3D sizes, shapes and 
locations of objects from 2D images sourced from film, digital sensors or video 
sensors (Luhmann, 2010). The application of video sensors allow for accurate 
modelling of dynamic complex objects (Cai, 2013; Brilakis et al., 2011; Paulsen et 
al., 2011). When multiple video sensors are used to record a dynamic scene, it 
becomes essential to synchronise the sensors to record the exact position on the 
object and minimise errors associated with motion artefacts (Hobbs et al., 2007; 
Leifer et al., 2011; Johnson et al., 2009). 
3.2.1 The collinearity condition  
A functional model known as the Central Perspective Projection (CPP) is used in 
close-range photogrammetry to determine the relationship between the coordinates 
of points on the object space (X,Y,Z) and the projection of the same points on the 
image space (x,y,z) (Mikhail et al., 2001). The Central Perspective Projection model 
consists of a projection plane (PP) which is the reference frame of the camera and a 
perspective centre (O) which is used to project the 3D object space points to the 
projection plane and the object space. An idealised ‘pinhole’ camera is used to 
describe the principles of the CPP model (Figure 3.1). Light rays travelling in a 
straight line connect the object point (XB,YB,ZB) to the projection plane by passing 
through the small aperture of the pinhole camera (O). Another line which is 
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orthogonal to the principle point (P) on the projection plane is used to define the 
principal distance (c). 
 
 
 
 
 
 
 
 
Figure 3.1: The Central Perspective Projection model. 
The camera parameters used to reconstruct the bundle of rays relative to the 
object space from the image points are known as the interior orientation parameters. 
These parameters consist of: a) the perspective centre position, b) the principal 
distance, c) the principal point position (x’i, y’i) relative to the image plane’s 
reference system and d) the lens distortion parameters (Δx and Δy). Any distortion in 
the lens alters the ideal central projection and hence need to be determined and 
accounted for. There are two types of lens distortion namely; radial lens distortion 
(δr) and tangential lens distortion (Δx and Δy). 
 Radial lens distortion is a result of the radial displacement of an imaged 
object from the principal point (Vass and Perlaki, 2003). The magnitude of radial 
distortion varies with the radial distance and is dependent on changes in the focus of 
the camera lens. A Gaussian radial distortion graph is used to depict the relationship 
between the radial distortion and the radial distance (Figure 3.2).  
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Radial distance (mm) 
Figure 3.2: Typical radial lens distortion curve (Hartley and Kang, 
2007). 
The radial distortion (δr) which is measured in millimetres is modelled by 
using the following polynomial relationship:  
δr = K1r3 + K2r5 + K3r7 + …                                                                                  (3.1) 
Where, K1, K2, K3 are the radial distortion coefficients corresponding to infinity 
focus and, 
 r is the radial distance in millimetres which is calculated in Equation 3.2 as:   
r = [(xo-xi)
2 + (yo-yi)
2]1/2                                                                                                                                      (3.2) 
The tangential lens distortion is a result of any vertical or rotational 
displacement of the lens elements within the objective. Brown (1971) developed a 
function to compensate for the tangential lens distortion (Δx, Δy) on an image point 
that is represented by x, y:  
Δx = P1 (r2 + 2(xo – xi)2 + 2P2 (xo – xi) (yo – yi)                                                     (3.3) 
Δy = P2 (r2 + 2(yo – yi)2 + 2P1 (xo – xi) (yo – yi)                                                     (3.4) 
Where, P1 and P2 are the coefficients of the decentring distortion at infinity focus, 
and  
r is the radial distance.  
M
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s 
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In order to solve the transformation of the object coordinates (X, Y, Z) into 
corresponding image coordinates (x, y, z), it is essential to determine the exterior 
orientation parameters for object transformations. This consists of six parameters 
which define the orientation and position of the camera coordinate system with 
reference to the object coordinate system (Luhmann et al., 2006). These parameters 
comprise of three projection centre coordinates (X0, Y0, Z0) and three parameters 
around the three axes (ω, φ, κ). A set of equations; known as the collinearity 
equations (Equations 3.5 and 3.6) are then used to link the interior orientation and 
the exterior orientation parameters.  
xa = xp - c 
[𝑟11 (𝑋𝑂−𝑋𝐴)+𝑟12 (𝑌𝑂−𝑌𝐴)+𝑟13 (𝑍𝑂−𝑍𝐴)]
[𝑟13 (𝑋𝑂−𝑋𝐴)+𝑟32 (𝑌𝑂−𝑌𝐴)+𝑟33 (𝑍𝑂−𝑍𝐴)
 + Δx                                            (3.5) 
ya = yp - c 
[𝑟21 (𝑋𝑂−𝑋𝐴)+𝑟22 (𝑌0−𝑌𝐴)+𝑟23 (𝑍𝑂−𝑍𝐴)]
[𝑟31 (𝑋𝑂−𝑋𝐴)+𝑟32 (𝑌𝑂−𝑌𝐴)+𝑟33 (𝑍𝑂−𝑍𝐴)
 +Δy                                              (3.6) 
Where, xp and yp represent the position of the offset principal point, and  
Δx and Δy represent the lens distortion parameters. 
3.2.2 Bundle adjustment 
The main principle used to produce 3D coordinates in photogrammetry is 
triangulation. When multiple cameras are used to image an object from different 
convergent views, a multi-image triangulation is achieved. This produces line 
convergences in the image space which can be used to solve for the point in the 
object space. A bundle adjustment is a method used to simultaneously determine the 
3D object coordinates, the camera calibration parameters, orientation of the images, 
and accuracy and reliability information through the process of triangulation in a 
single ‘bundle’ (Triggs et al., 2000; Luhmann et al., 2006).  
The bundle adjustment computations are determined through a least squares 
estimate (Brown, 1976; Granshaw, 1980) which is used to determine the best 
possible agreements between the measurements and their residuals with the definite 
model (Cooper and Robson, 2001). The bundle adjustment technique is the most 
accurate, powerful and flexible technique used in photogrammetry due to the large 
number of degrees of freedom resulting from the large number of elements that are 
combined in the same calculation (Luhmann et al., 2006).  
3.2.3 Photogrammetric system design considerations 
When designing a photogrammetric system for a specific application, a formal 
framework must be followed to meet the specifications of the task. The type, 
location and accuracy requirement of the data are the minimum information 
necessary to initiate the photogrammetric design process. The type of data might be 
the determining factor for the type of imaging sensor selected. For instance, the 
requirement to measure a dynamic object would require utilising video-based 
imaging sensors. The project accuracy requirement, object size, and coverage may 
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then further influence the type of imaging sensors required. The number of cameras, 
camera geometry, image resolution, lens stability, and the type of imaging lens 
collectively impact the final project accuracy.  
3.3 Design requirements for dynamic foot measurements 
The main requirements for the practical work in this thesis include the design of an 
accurate image-based measurement tool to study the 3D dynamic changes in the foot 
during gait. The next sections will detail the design, assembly and calibration of the 
close-range photogrammetric system. The practical requirements for the designed 
measurement system for this project are as follows:  
1. Ability to measure dynamic 3D anthropometric measurements of the foot. 
 
2. Ability to achieve a high level of dynamic object measurement accuracy. 
 
3. Ability to capture the foot from the medial, lateral, dorsal, anterior and 
posterior positions using multiple stereo and convergent images.  
 
4. Ability to incorporate and synchronise ground reaction force data during 
imaging.  
 
5. Be easy to setup.  
 
6. Be a low cost solution.  
3.3.1 Network design optimisation  
To achieve high measurement accuracies from a photogrammetric system, planning 
and optimising the network design is a crucial requirement. Some of the most 
important design requirements that need to be addressed include the selection of 
number and type of imaging sensors, geometry and location of imaging sensors and 
density, target size and distribution of project control. 
3.3.1.1 Choice of imaging sensors 
As the main design requirement is to develop a photogrammetric system that can be 
used to measure a dynamic scene to a high level of accuracy, instantaneous records 
from multiple video-based sensors are required. For this purpose, High Definition 
(HD) JVC Everio GZ-HD500 video camcorders were selected. These camcorders 
provided the most cost-effective solution for high quality video recording and large 
internal memory storage capability. The camcorder specifications are listed in Table 
3.1. 
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Table 3.1: JVC Everio GZ-HD500 camcorder specifications  
Imaging sensor 1/5.8” 1.37 Megapixel CMOS 
Pixel size 1.1 µm 
Focal length 3.0 mm 
Format size  1920 x 1080 pixels (5.17 x 2.91 mm) 
Internal memory 80 GB 
 
3.3.1.2 Gait imaging platform 
An elevated imaging platform was designed and constructed to allow 
subjects to walk at a natural pace while the camcorders are setup around the platform 
to image the foot from the medial, lateral, dorsal, anterior and posterior sides 
simultaneously. The platform is elevated one metre from the ground and has a length 
of 4000 mm and a width of 1500 mm. Access to the platform is provided through a 
staircase with railings installed around the staircase and the platform to provide 
support and safety during the gait trials.  
To continuously record the ground reaction forces acting under the foot 
during gait, an AMTI (Advanced Mechanical Technology Inc.) force plate was 
installed in the centre of platform. The force plate data were recorded on an office 
computer using the proprietory software NetForce AMTI (A-Tech Instruments Ltd.) 
A schematic diagram with the plan view of the imaging system is provided in Figure 
3.3. 
 
 
 
 
 
 
 
Figure 3.3: Schematic of gait platform. 
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3.3.1.3 Camcorder numbers and positions 
The choice of the number of imaging sensors used in any photogrammetric project is 
dependent on the object coverage which requires sufficient overlapping 
correspondences between the images (Barazzetti et al., 2010). The optimal overlap 
strength between images is usually 55% - 60%. To simplify the network 
configuration design and to provide a first approximation of an optimal sensor 
configuration, a ‘generic’ network is generally used (Fraser, 1996). According to 
Mason (1995), a four-station network with a strong level of convergence is a suitable 
initial approximation and was used in this project. As it was a requirement for the 
foot to be imaged from the medial, lateral, dorsal, anterior and posterior positions, 12 
camcorders were necessary to obtain the four-station network from each view point. 
The locations of the 12 JVC Everio GZ-HD500 camcorders were selected as shown 
in Figure 3.3. 
The camera to object distance was determined through a number of factors 
which were reported by Saadatseresht et al. (2005). These factors include the image 
scale, image resolution, field of view, number of control points, and number of 
image points. The maximum allowable camera to object distance (dmax) was 
determined through Equation 3.7:  
dmax =  
?̅?𝑐√𝑘
𝑞𝜎
                                                                                                             (3.7) 
Where, 𝜎 is the object point’s coordinate standard errors,  
σ is the image point coordinate standard errors, 
c is the camera principal distance,  
k is the average number of exposures at each camera station, and 
q is the factor of the camera station configuration strength. 
From Equation 3.7 the maximum allowable distance determined for this 
project was 850 mm. The values for q and k were representative of a strong network 
geometry and were selected as q = 0.7 and k = 1 (Fraser, 1996). A minimum camera 
to object distance of 750 mm was selected to provide sufficient coverage of the force 
plate, the foot anthropometric targets and the control targets placed around the force 
plate. The convergence angle between cameras was selected as 45 degrees with 
distances between camera pairs specified at 200 mm to achieve the appropriate 
overlap percentage between images.  
To achieve the camcorder configurations, custom-built camera mounts were 
attached to the sides of the imaging platform in the positions shown in Figure 3.3. 
The custom-built mounts consist of an aluminium bar with predefined base distances 
where the distance between the centres of the camera lenses can be adjusted 
according to the project requirements (Figure 3.4). 
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Figure 3.4: Position of the camcorders on the custom-built camcorder 
mount. 
The camcorders were labelled JVC 1 to JVC 12 and were setup in the same 
position each time the gait trials were conducted. A schematic diagram of the 
convergent camera pair setups achieved through the camcorder configurations used 
to image the foot is shown in Figure 3.5. 
 
 
Figure 3.5: Convergent overlapping-pair photogrammetric 
configuration. 
 
3.3.1.4 Control target design 
 A wooden wedge was positioned on each side of the force plate and 52 control 
targets with five millimetre diameters were added on each wooden wedge in two 
rows of 26 retro-reflective targets (3M Scotchlite Minnesota, USA) as shown in 
Figure 3.6. 
JVC 
camcorder 
Camcorder 
mount 
 Chapter 3                                                                                                                    41 
 
 
Figure 3.6: Control targets around the force plate. 
Additional control targets were also added on the surface of the force plate 
to strengthen the network geometry for improved accuracy of the 3D measurements. 
The wooden wedges were painted matte black to provide the best level of contrast 
for the retro-reflective targets. The selection of circular 5 mm targets for the control 
points was to meet the requirement of the automated point digitisation process in the 
software Australis (Photometrix Pty. Ltd., Victoria, Australia) which was used for all 
the 3D object measurements and camcorder calibrations. A maximum of 40 pixels 
can be specified in the centroid window of the software Australis when completing 
the automated digitisation process.  
3.3.1.5 Camcorder synchronisation  
To synchronise the camcorder images and the force plate data, a generator-locking 
(gen-lock) device was custom-built to trigger an LED light as soon as the subject’s 
foot landed on the force plate. The gen-lock system consisted of a transmitter and a 
receiver which were setup opposite to each other on the platform (Figure 3.7). 
 
 
 
Figure 3.7: Gen-lock system set-up. 
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A laser is constantly emitted from the transmitter to the receiver and once 
the laser signal is intercepted when the subject crosses the path of the laser (during 
heel strike), the LED light is activated (Figure 3.8).  
 
Figure 3.8: Gen-lock LED light activated at heel-strike. 
The AMTI Netforce software settings were altered to automatically identify 
the external trigger source of the gen-lock device and start recording the force 
information as soon as the gen-lock was triggered. 
3.4 Methods 
Prior to using the designed system for data collection, all the necessary calibrations 
had to be completed. The system calibration process involved individual calibrations 
of the 12 HD JVC Everio HD500 camcorders and the calculation of the 3D 
coordinates of the control targets on the wooden wedges. The calibration methods 
will be discussed in the following sections. 
3.4.1 Calibration of the designed system 
3.4.1.1 Camcorder calibration 
The test-field used to calibrate the camcorders consisted of a grid of 10 rows and 10 
columns of steel pins (100 pins in total) which were attached to a polycarbonate 
board with 12 mm thickness. The pins had different elevations ranging from 10 mm 
to 60 mm above the surface of the board and retro-reflective targets with 5 mm 
diameters were attached on each pin. The RMS tolerance specified for the target 
coordinates were 0.05 mm across the X, Y and Z axes for each of the camcorders 
(Fraser, 1996).  
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 Each individual camcorder was mounted on a tripod at a distance of 750 
mm and at a convergent angle of 60 degrees from the test field. To maintain the 
camcorder distance to the test field throughout the calibration, the position of the 
tripod was maintained while the calibration test field was setup on a custom-built bar 
with a pivot point in the centre. The test-field could then be attached to the pivot 
point through a hole in the centre of the test-field and rotated freely around its axis. 
To provide accurate scaling dimensions during the camera calibration, an invar 
scale-bar with ±11 μm at 15°C factory calibration accuracy was positioned in the 
centre of the test field as shown in Figure 3.9. 
 
   
Figure 3.9: the camera calibration device setup. 
The test-field was rotated multiple times to allow for 12 convergent, one-
second video sequences (ten upright, one rotated 90° to the left and one rotated 90° 
to the right) to be recorded from different views. A total of four sets were recorded 
for each camera to improve the reliability of the measurements. The video sequences 
were then frame-grabbed using Tipard HD (Tipard Studio) video converter software 
(version 6.1.12) and converted to still images using the software Virtual Dub 
(version 1.6.15).  
3.4.1.2 Calibration of the project control 
To calculate the coordinates of the designed imaging system control targets, four sets 
of 16 convergent images were collected using a high resolution Sony Cybershot 
F828 still camera with the specifications listed in Table 3.2. The camera to object 
distance was maintained at 750 mm.  
Table 3.2: Sony Cybershot F828 camera specifications  
Imaging sensor 2/3” 8.0 Megapixel CCD 
CCD pixel size 2.7 µm 
Focal length 7.1 mm 
Format size  3264 x 2448 pixels (8.8 x 6.6 mm) 
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An invar scale bar and an orientation device were setup in the centre of the 
control targets around the force plate (Figure 3.10).  
 
 
Figure 3.10: Setup for the project control calibration. 
For each set of images, the control targets were digitised on each image 
using Australis and the bundle adjustment algorithms were used to determine the 3D 
coordinates of the new control targets. 
3.4.2 Designed system accuracy testing 
To validate the accuracy of the measurements obtained using the developed dynamic 
foot measurement system, a mannequin was used. As the mannequin is stationary, 
errors associated with human subject movement are eliminated. Seven retro-
reflective targets were attached on the mannequin foot as shown in Figure 3.11. 
 
Figure 3.11: The location of the seven retro-reflective targets of the 
mannequin foot. 
Two 5 mm targets were positioned on the lateral side of the mannequin foot 
(A and C); four were positioned on the medial side (B, D, F and G) and target E was 
placed on a location simulating to the dorsum of the foot. The locations of the seven 
anthropometric marks were selected as they represent similar locations of the 
landmarks that will be placed on the subjects’ feet during the human gait trials.  
Factory 
calibrated scale 
bar 
Orientation 
device  
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3.4.2.1 High accuracy mannequin convergent data capture 
A pre-calibrated orientation device was used to determine the coordinates of the 
seven mannequin targets based on the bundle adjustment technique. A scale bar (±11 
μm at 15°C factory calibration accuracy) and additional control targets were used to 
provide additional control for the measured dimensions to strengthen the bundle 
adjustment calculation (Figure 3.12).  
 
Figure 3.12: The setup used for coordinating the marks on the 
mannequin foot. 
The mannequin foot was placed within the control targets and the 
calibrated, non-retractable lens Sony Cybershot F828 camera was used to capture 16 
highly convergent images of the orientation device, the additional control targets, the 
scale bar and the mannequin foot from different angles and views. The camera to 
mannequin distance was maintained at 750 mm for all the images. The bundle 
adjustment technique was then used to determine the seven unknown coordinates 
and consequently seven distances on the foot mannequin. Four convergent imaging 
sets were collected and the results averaged.  
3.4.2.2 Investigating the developed dynamic system accuracy 
The mannequin foot was positioned on the elevated imaging platform as 
shown in Figure 3.13. The 12 JVC camcorders were setup in four three-camera 
configurations and were used to simultaneously record video sequences of the static 
mannequin foot. Four video imaging sets were recorded and the camcorders were 
switched off between sets. The seven distances on the mannequin foot were 
determined using a bundle adjustment calculation. 
Scale-bar 
Orientation 
device  
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Figure 3.13: The mannequin foot position on the imaging platform. 
3.5 Statistical analysis 
The designed photogrammetric system precision was determined through Mean 
Absolute Differences (MAD) which were calculated across each data set. The MAD 
is the mean of the absolute differences between the values of two sets of 
measurements (Wong et al., 2008; de Menezes et al., 2010) and is determined using:  
MAD = 
𝛴 |𝑥𝑖−?̅?|
𝑛
                                                                                     (3.8) 
Where xi is the data value for the observation, i = 1,2,3,…n. 
?̅? is the mean, and 
n is the number of data values. 
The random errors which are resultant from measurement variability when 
the same conditions are maintained during the measurement sessions were 
determined through the Technical Error of Measurements (TEM) and calculated 
using:  
TEM = √[(Σ𝐷
2)
2𝑛
]                                                                                         (3.9) 
Where, 𝛴𝐷2 is the summation of deviations between each couple of replicate 
measurements, and 
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n is the number of data pairs (de Menezes et al., 2010).  
Paired Student’s t tests were used to compare the systematic error between 
the replicate measurements and p < 0.05 was used to assess statistical significance. 
The systematic errors are a result of the effect of bias from the environment of data 
collection or measuring instruments and methods (Cooper and Cross, 1988). 
3.6 Results 
3.6.1. Initial camcorder calibration evaluation  
An initial camcorder calibration evaluation was conducted for three of the JVC 
camcorders and the residual mean square (RMS) of the target coordinates across the 
three axes were calculated and listed in Table 3.3. The effect of increasing the 
number of images used in the camera calibration on the RMS results was also 
reported. 
Table 3.3: The effect of increasing the number of images from the JVC Everio 
camcorders on the RMS across the X, Y and Z axes 
Number of 
images  
JVC 1 JVC 2 JVC 3 
 X 
(mm) 
Y 
(mm) 
Z 
(mm) 
X 
(mm) 
Y 
(mm) 
Z 
(mm) 
X 
(mm) 
Y 
(mm) 
Z 
(mm) 
          
6 0.019 0.019 0.040 0.022 0.021 0.041 0.029 0.027 0.063 
7 0.020 0.019 0.040 0.023 0.021 0.041 0.027 0.027 0.064 
8 0.018 0.016 0.034 0.021 0.019 0.037 0.023 0.021 0.050 
9 0.015 0.015 0.030 0.021 0.018 0.035 0.019 0.018 0.041 
10 0.014 0.015 0.028 0.018 0.016 0.030 0.017 0.017 0.037 
11 0.013 0.013 0.025 0.016 0.015 0.028 0.013 0.015 0.030 
12 0.012 0.013 0.024 0.015 0.013 0.025 0.013 0.015 0.028 
The range of the number of convergent images used for the camcorder 
calibrations was between 6 and 12. The results indicate that increasing the number of 
images increases redundancy of point measurements and hence improves the level of 
measurement accuracy. The RMS across the three axes was significantly lowered for 
all three camcorders when 12 images were used compared to six images. The RMS 
results across all three axes were significantly higher for JVC 3 compared to JVC 1 
and JVC 2 when fewer than 9 images were used for the calibration. With the increase 
in the number of convergent images, the discrepancies in the RMS results between 
the three camcorders were minimised. To determine whether the RMS tolerance of 
0.05 mm was achieved, the 3D distance RMS results were calculated for each of the 
camcorders (Table 3.4).  
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Table 3.4: The effect of increasing the number of images from the JVC Everio 
camcorders on the 3D distance RMS  
3D distance RMS (mm) 
Number of images JVC 1 JVC 2 JVC 3 
6 0.048 0.050 0.054 
7 0.048 0.047 0.054 
8 0.042 0.047 0.050 
9 0.037 0.045 0.048 
10 0.035 0.039 0.044 
11 0.031 0.036 0.036 
12 0.030 0.032 0.034 
The effect of increasing the number of images on the 3D distance RMS 
results is illustrated in Figure 3.14. A minimum of eight convergent images were 
required for all the three camcorders to achieve the 0.05 mm RMS tolerance 
specified during the project design. Twelve images were necessary to stabilise the 
RMS values across all three camcorders which is evident with the very small 
discrepancies between the 3D RMS results across the three camcorders. From these 
results, 12 convergent images were selected to be used for calibrating all the 
camcorders used in the project. 
Figure 3.14: The effect of increasing the number of images used in the JVC Everio 
camcorder calibration on the 3D distance RMS results. 
The effect of increasing the number of images on the measurement accuracy 
was investigated and the RMS of the target coordinates across all three axes is listed 
in Table 3.5. The RMS tolerance specified for the control targets was 0.03 mm 
across all three axes when the Sony Cybershot F828 camera was used for the project 
control calibration (Fraser, 1996).  
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Table 3.5: The effect of increasing the number of the Sony Cybershot F828 camera 
images on the RMS of the control targets across the axes  
Number of images X (mm) Y (mm) Z (mm) 3D RMS 
distance (mm) 
8 0.018 0.019 0.022 0.034 
9 0.016 0.017 0.021 0.031 
10 0.016 0.015 0.019 0.029 
11 0.015 0.013 0.017 0.026 
12 0.015 0.011 0.017 0.025 
13 0.014 0.011 0.016 0.024 
14 0.013 0.010 0.015 0.022 
15 0.011 0.010 0.015 0.021 
16 0.010 0.009 0.014 0.019 
 
The results indicate that there is minimal improvement in the target 
coordinate accuracy when more than 14 convergent images are included in the 
bundle calculation to determine the control target coordinates. A minimum of 10 
convergent images were sufficient to meet the specified tolerance of 0.03 mm 
however, as the use of 16 images reduced the 3D RMS distance below 0.02 mm, 16 
convergent images were used for coordinating the control targets. The effect of 
increasing the image number on the 3D distance RMS is illustrated in Figure 3.15. 
 
Figure 3.15: The effect of increasing the number of images used in the 
project control calibration using a Sony Cybershot F828 camera. 
 
3.6.2 Developed data capture system accuracy 
The seven mannequin distances obtained from the dynamic data capture 
system were compared to the same distances obtained using the high accuracy 
convergent photogrammetric technique and the results are listed in Table 3.6.  
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Table 3.6: Mean mannequin differences between the convergent measurements and 
the dynamic data capture system measurements. 
 Convergent  Dynamic    
Distances Mean 
(mm) 
SD (mm) Mean 
(mm) 
SD (mm) Mean 
difference 
(mm) 
t-value p-value 
A-B 56.867 0.08 56.683 0.36 0.185 0.88 0.43 
C-D 51.358 0.08 51.305 0.13 0.053 0.21 0.85 
A-E 62.101 0.08 62.312 0.11 0.211 1.55 0.19 
B-E 55.765 0.11 54.872 0.26 0.107 0.64 0.56 
C-E 48.468 0.02 48.759 0.29 0.291 1.73 0.16 
D-E 44.647 0.09 44.545 0.19 0.103 0.84 0.45 
F-G 52.701 0.03 52.686 0.15 0.015 0.17 0.88 
The largest mean differences were measured between distances C-E (0.291 
mm) and A-E (0.211 mm) and the smallest mean difference was measured between 
F-G (0.015 mm). To determine whether the differences between the means were 
statistically significant, paired samples t tests were conducted and the level of 
significance was defined at 0.05. The results indicate that although the highest 
difference between the measurements was almost 0.30 mm, there were no significant 
differences between the two measurement techniques indicating the accuracy of the 
designed imaging system.  
3.6.3 Camera lens stability analysis 
A test was conducted to determine the effect of the slight variations in the JVC 
camcorders’ lens parameters on the measurement accuracies. Two camera calibration 
sessions were completed on two separate days, a month apart for all the 12 JVC 
camcorders. The first calibration session was carried out on the 27th of December 
2012 (session 1) and the calibration session was repeated one month later on the 24th 
of January 2013 (session 2). The parameters averaged from four sets for the 12 
camcorders (labelled JVC 1 – JVC 12) were calculated through bundle adjustment 
algorithms and listed in Table 3.7. These parameters include the camera focal length 
(c), the coordinates of the principle point of auto-collimation (xp and yp) and the 
radial lens distortion parameters (K1, K2 and K3). The affinity and shear parameters 
(P1 P2, B1, and B2) were excluded from the results as they are beyond the accuracy 
requirement for this research. 
The results in Table 3.7 indicated the stability of the lenses for all 12 
camcorders. A detailed investigation of the camcorder calibration parameters on the 
measurement quality will be discussed in Section 3.6.4. 
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Table 3.7: Mean JVC Everio GZ-HD500 camcorder calibration results four weeks 
apart  
Camera c Xp Yp K1 K2 K3 
JVC 1       
Session 1 3.442 -0.036 -0.023 1.62E-02 -6.29E-04 -2.30E-05 
Session 2 3.427 -0.018 -0.060 2.36E-02 -5.93E-04 -2.97E-05 
JVC 2       
Session 1 3.165 -0.034 -0.014 1.95E-02 -4.74E-04 -1.80E-05 
Session 2 3.171 -0.039 -0.006 2.76E-02 -4.76E-04 -1.92E-05 
JVC 3       
Session 1 3.172 -0.027 -0.007 1.860E-02 -7.12E-04 -2.81E-05 
Session 2 3.168 -0.049 -0.014 2.721E-02 -5.80E-04 -5.21E-05 
JVC 4       
Session 1 3.254 -0.039 -0.016 1.750E-02 -4.24E-04 -3.95E-05 
Session 2 3.162 -0.049 -0.025 2.758E-02 -4.50E-04 -4.81E-05 
JVC 5       
Session 1 3.169 -0.007 -0.025 2.833E-02 -5.37E-03 -3.19E-05 
Session 2 3.168 -0.016 -0.010 2.715E-02 -7.74E04 -3.97E-05 
JVC 6       
Session 1 3.109 -0.019 -0.011 2.357E-02 -8.29E-04 -3.61E-05 
Session 2 3.164 -0.017 -0.007 1.835E-02 -5.36E-03 2.86E-05 
JVC 7       
Session 1 3.042 -0.071 -0.034 3.080E-02 -4.07E-04 -4.04E-05 
Session 2 2.971 -0.075 -0.034 3.217E-02 -5.87E-04 -3.74E-05 
JVC 8       
Session 1 3.085 -0.021 -0.010 2.853E-02 5.65E-04 -3.05E-05 
Session 2 3.028 -0.017 -0.024 2.948E-02 -4.67E-04 -3.29E-05 
JVC 9       
Session 1 2.906 -0.010 -0.047 3.400E-02 -6.31E-03 -5.79E-05 
Session 2 2.889 -0.004 0.016 3.215E-02 -5.37E-04 -1.82E-05 
JVC 10       
Session 1 2.905 -0.022 -0.028 3.690E-02 -4.73E-04 -6.45E-05 
Session 2 2.897 -0.031 -0.018 3.399E-02 3.99E-04 -7.31E-05 
JVC 11       
Session 1 3.144 -0.012 0.019 3.123E-02 -2.49E-04 -3.48E-05 
Session 2 2.982 -0.018 0.018 3.050E-02 -5.01E-04 -3.27E-05 
JVC 12       
Session 1 2.943 -0.019 0.028 3.147E-02 7.20E-04 -2.61E-05 
Session 2 2.865 -0.018 0.021 3.11E-02 -5.92E-04 -5.54E-05 
3.6.4 Effect of camcorder calibration parameters on the measurement quality 
To determine whether the effects of the small variations in the camera calibration 
parameters cause significant differences in measurement quality, the seven mean 
mannequin distances were determined after each calibration session and compared in 
Table 3.8. 
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Table 3.8: Measurement differences between calibration sessions 
 Calibration 1 Calibration 2     
Distances Mean 
(mm) 
SD 
(mm) 
Mean 
(mm) 
SD 
(mm) 
Mean 
difference 
(mm) 
MAD 
(mm) 
TEM 
(mm) 
p-value 
A-B 56.576 0.04 56.641 0.07 0.065 0.05 0.10 0.16 
C-D 51.945 0.03 51.977 0.03 0.032 0.02 0.07 0.21 
A-E 62.641 0.08 62.627 0.01 0.014 0.02 0.05 0.55 
B-E 55.449 0.05 55.468 0.02 0.019 0.02 0.04 0.78 
C-E 48.342 0.02 48.322 0.02 0.020 0.02 0.01 0.56 
D-E 44.411 0.03 44.457 0.03 0.046 0.03 0.07 0.34 
F-G 52.789 0.05 52.781 0.01 0.008 0.03 0.02 0.82 
From the results listed in Table 3.8, no systematic errors were found 
between the repeated measurements from the two calibration sessions as the p values 
from the paired student t test were all greater than 0.05 at the 95% confidence 
interval level. The mean measurement differences were all lower than 0.065 mm (A-
B) with the highest Mean Absolute Difference (MAD) of 0.05 mm for the 
measurement A-B indicating a high level of measurement precision. The random 
errors ranged between 0.01 mm for distance C-E and 0.10 mm for distance A-B.   
3.7 Discussion  
In recent years, new technologies have emerged aiming to expand the use of 3D 
technologies for foot scanning. Although promising results were found through the 
use of 3D technologies for foot anthropometry, most of these technologies continue 
to have limitations. For example, time-of-flight cameras, structured light scanning, 
Moire techniques and laser scanning are all expensive technologies and are not 
suitable for motion artefacts (Yu and Tu, 2009; Thabet et al., 2014; Samson et al., 
2014; Vecchio et al., 2012). To understand foot function, it is necessary to measure 
the foot in a dynamic state and hence the abovementioned technologies are 
unsuitable.  
One technology was identified which eliminates all of the above mentioned 
limitations and is based on the concept of image-based close range photogrammetry. 
The numerous advantages provided through this technology include its high level of 
measurement accuracy and precision (Chong, 2012; de Menezes et al., 2010), its low 
cost (Chong, 2011), non-invasiveness (Ladeira et al., 2013), rapid rate of data 
acquisition (Kau et al., 2011) and post processing ability (Luhmann, 2010). In 
addition, the system can be developed to allow for instantaneous data capture from 
different imaging sensors making it ideal for measuring moving objects (Wong et al., 
2008).  
A 3D close-range photogrammetric system was hence designed and 
presented in this chapter to allow for accurate dynamic foot measurements to be 
obtained. Network design optimisation was conducted to select the most appropriate 
locations, geometries and type of imaging sensors to image the foot during gait. A 
custom-built gait imaging platform was necessary for optimising the network design. 
The platform allowed for incorporating ground reaction force information and 
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project control during gait while 12 low-cost HD JVC Everio GZ-HD500 
camcorders are setup around the platform to image the foot during gait. A gen-lock 
device was custom-built to allow for synchronising all 12 camcorders with each 
other and with the ground reaction force information obtained from the force plate.   
Initial calibration tests were carried out for three of the camcorders to 
determine the effect of increasing the number of convergent images on the RMS of 
target coordinates during camcorder calibrations. For the JVC Everio GZ-HD500 
camcorders selected for this project, a minimum of eight convergent images were 
necessary to meet the 0.05 mm RMS tolerance specified during the project design. 
However, 12 images were required to stabilise the RMS values by minimising the 
discrepancies between the three camcorders tested. Similarly, the effect of increasing 
the number of convergent images on the RMS target coordinates was investigated for 
the project control calibration. A single Sony Cybershot F828 still camera was used 
to meet the 0.03 mm RMS tolerance specified during the project design stage. 
Although ten images were sufficient to meet the tolerance, the use of 16 images 
reduced the 3D RMS distance below 0.02 mm and was hence selected for 
coordinating new control targets.  
The measurement accuracy capability of the developed dynamic data 
capture system was investigated using 3D measurements on a mannequin foot. As 
the mannequin foot is stationary, errors associated with movement are eliminated. 
Seven distances were determined on the mannequin foot using high accuracy bundle 
adjustment calculations from 16 convergent images using a high resolution Sony 
Cybershot F828 camera. This ‘gold standard’ measurement technique is based on the 
principle of convergent photogrammetry which is known to yield highly accurate 
measurements (Fraštia, 2005; Wackrow and Chandler, 2008; Wackrow and 
Chandler, 2011; Fraser and Al-Ajlouni, 2006; Gruen and Beyer, 2001; Remondino 
and Fraser, 2006). The same distances were determined using the designed system 
utilising all 12 JVC Everio GZ-HD500 camcorders and compared with the 
convergent imaging measurements. The highest mean difference between the two 
measurement techniques was less than 0.30 mm as shown in Table 3.6. To determine 
whether the difference between the two techniques was statistically significant, 
paired sample t tests were conducted and the results indicated no significant 
differences in any of the seven distances between the two measurement techniques (p 
> 0.05).  
Calibrating non-metric sensors used in deriving spatial 3D measurements to 
account for any discrepancies in the lens significantly reduces some of the errors and 
in turn, directly influences the accuracy of the measurements (Cooper and Cross, 
1988). In the current study, the geometric parameters of the 12 JVC Everio 
camcorders were assessed on separate days, one month apart. From the results, it was 
evident that the camera calibration parameter results had slight variations between 
the cameras. This indicates that although the cameras have the same manufacturer, 
slight variations are found in the camera lens as a result of manufacturing 
discrepancies. Another source of variation in the camera parameters is speculated to 
be the result of the slight changes in the environment of data capture during the two 
calibration days. Although care was taken to ensure that the environmental 
conditions did not change during the collection of the data sets the calibration images 
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for all the four sets were recorded during different times of the day and may have 
been exposed to slightly different room temperatures.  
To determine whether the effects of the small variations in the camera 
calibration parameters resulted in significant differences in measurement accuracies, 
the seven foot mannequin distances were compared after each calibration session 
using the designed dynamic data capture system. The largest mean difference 
between the two calibration sessions was 0.065 mm with the precision of the 
repeated measures determined from the MAD ranging between 0.02 mm to 0.05 mm. 
Small random errors were found from the TEM results with a range between 0.01 
mm and 0.10 mm indicating a good level of agreement of the repeatable measures. A 
high level of measurement stability was obtained from the two calibration sessions 
as indicated from the paired samples t tests (p > 0.05). It is therefore concluded that 
the slight changes in the camcorder calibration values collected one month apart do 
not have a significant influence on the measurement accuracy obtained from the 
image-based dynamic measurement system due to the stability of the imaging 
sensors used. 
3.8 Conclusion  
A low-cost 3D close-range photogrammetric measurement system for measuring the 
dynamic foot during gait was presented in this chapter. The system was developed as 
a cost-effective solution for obtaining high accuracy 3D dynamic foot measurements. 
The novelty of the designed low-cost system is in its ability to synchronise ground 
reaction force information with foot measurements during gait to a high level of 3D 
measurement accuracy (< 0.30 mm). This allows the end-user to determine the 
relationships between changes in foot anthropometry during dynamic activities and 
the forces acting on the foot during gait. The ability to synchronise the force 
information to the dynamic foot anthropometric changes will hence provide 
important insight into the appropriateness of current conventional static foot 
measurement techniques in the prediction of dynamic foot mobility. Detailed 
comparative accuracy, precision and reliability analysis tests between conventional 
static measurements and the developed image based system will be assessed in 
Chapter 4. 
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Chapter 4: Effect of changing weight-
bearing on the foot measurement accuracy 
4.1 Introduction  
Current foot clinical assessments are limited to the use of conventional measurement 
instruments such as calipers and sliding rulers which are only suitable for static 
measurements (Andreasen et al., 2013; Cornwall and McPoil, 2011; Deng et al., 
2010). A low cost close-range photogrammetric system was developed for the 
purpose of measuring 3D dynamic foot deformation and mobility during gait and 
was presented in the previous chapter. When measuring changes in foot 
anthropometry during movement, it is essential that the quantification system used is 
capable of achieving measurements with a high level of accuracy and reliability 
(Weinberg et al., 2004). 
 For anthropometric measurement accuracy, the ISO 20385 standard was 
developed to ensure that the measurements obtained from 3D measurement 
technologies are comparable with measurements from conventional equipment. For 
the specific application of foot anthropometry, the ISO 20385 lists the maximum 
mean allowable difference as 2 mm (Telfer and Woodburn, 2010). Maintaining mean 
differences of less than 2 mm have proved to be difficult in dynamic human body 
measurements (Nielsen et al., 2010; Vecchio et al., 2012).  
The agreements between two testers in conducting foot anthropometric 
measurements are investigated through accuracy assessments and are reported in this 
chapter. Foot mannequin measurements obtained using a ‘gold standard’ high 
accuracy convergent image-based bundle adjustment technique is used to validate 
the measurements collected by both testers. A comparative test is then reported for 
the correlation between the developed imaging system measurements and the 
conventional measurements conducted by the testers. Finally the effect of the 
changes in weight-bearing during dynamic loading on the measurement accuracy is 
investigated through human subject trials. The chapter concludes with a discussion 
of the reported accuracy and agreement between the conventional foot measurements 
and the measurements collected using the developed 3D measurement system. The 
effect of changing weight-bearing on foot anthropometric measurement accuracy is 
also reported.  
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4.2 Methods  
4.2.1 Mannequin measurements using caliper 
Two testers conducted four sets of manual caliper measurements using a Kincrome 
digital caliper (0.1 mm resolution) of the same seven mannequin distances that were 
measured using the convergent measurement technique described in Section 3.4.2.1. 
The four sets were collected ten minutes apart for each tester. 
4.2.2 Weight-bearing accuracy testing 
To assess the effect of changing weight-bearing on the measurement accuracy during 
the conventional static foot measurements, three weight-bearing conditions were 
selected. 10% weight-bearing was chosen as it gives an indication of the minimally 
weighed foot position while the entire foot plantar is in contact with the supporting 
surface. Similarly, the 50% and 90% weight-bearing conditions represent the 
percentages sufficient to observe any changes in the foot under maximum load and 
double limb support respectively. The weight-bearing percentages were determined 
using calibrated digital scales.  
4.2.2.1 Subjects 
For the comparison of the weight-bearing measurements obtained using the 
conventional caliper measurement techniques and the developed photogrammetric 
imaging system, four male participants volunteered to be included in the study. The 
participants were required to read a participant information sheet and sign a written 
consent form prior to data collection as part of the ethical clearance process at the 
University of Southern Queensland. The participant information sheet and consent 
documentation are provided in Appendix A. The criteria for participant inclusion in 
the study were a minimum age of 18 years and no previous history of lower limb 
injury, disease or deformity. The mean age of the participants was 34.2 ± 4.6 years 
and the mean weight was 79.7 ± 11.6 kilograms. Only the right foot of all the 
participants was measured.  
4.2.2.2 Subject foot markings   
Each subject was instructed to stand with relaxed double limb support for the 
palpation, identification and marking of the foot anthropometric locations. Seven 
retro-reflective anthropometric marks were labelled on each subject’s right foot in 
the following positions: 1) the most anterior location on the largest toe, 2) the most 
posterior side of the calcaneus, 3) the dorsum at 50% foot length, 4) the head of the 
first metatarsal bone, 5) the navicular bone, 6) the medial side of the foot at 50% foot 
length and 7) the lateral side of the foot at 50% foot length. The anthropometric 
marks allowed for the following measurements to be obtained: 1) the Foot Length 
(FL), 2) the Foot Width (FW), 3) the Dorsal Height (DH), 4) Navicular Height (NH), 
and 5) Truncated Foot Length (TFL) which are defined in Table 4.1.   
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Table 4.1: The subject distance measurements on each subject’s foot  
 
FL 
 
Distance between the most posterior point of the heel to the tip of the toe. 
FW Distance between the medial side of the foot at 50% foot length and the 
lateral side of the foot at 50% foot length. 
DH Distance from the surface to the dorsum of the foot at 50% foot length. 
NH Distance from the ground surface to the navicular bone. 
TFL Distance from the most posterior part of the heel to the first metatarsal 
head. 
The foot markings and distances are illustrated in Figure 4.1. The foot 
length is represented by distance C-D, the foot width is shown as B-E, the dorsum 
height is represented by the distance A to the ground surface, the navicular height is 
determined from distance G to the ground surface and the truncated foot length is 
represented as distance F-D.  
       
Figure 4.1: Foot anthropometric markings used to measure the foot 
length (C-D), foot width (B-E), dorsum height (A to surface), 
navicular height (G to surface) and truncated foot length (F-D). 
4.2.2.3 Determining weight-bearing from subjects 
The weight of each subject was obtained from digital scales and the 10%, 50% and 
90% weight-bearings were determined for each subject. For the conventional manual 
caliper measurements, the subjects were instructed to place their right foot on a scale 
and exert weight until 50% of their weight was achieved. Four sets of manual caliper 
distance measurements for the FL, FW, DH, NH and TFL were then collected by the 
two testers while the subjects maintained their weight-bearing for the duration of the 
measurements. The measurements were repeated for each subject for the 10% 
weight-bearing and 90% weight-bearing conditions.   
The same seven static measurements were then recorded non-invasively 
using the developed dynamic data capture system for the same weight-bearing 
conditions. The scale was placed on the force plate and the subjects were instructed 
to place weight on the scales while all 12 camcorders continuously captured the 
digital display on the scale. The video frames were then frame-grabbed using Tripard 
HD video converter software and Virtual Dub software at the instant that the 10%, 
50% and 90% weight-bearing were observed on the video clips (Figure 4.2). Four 
sets of measurements were repeated at each weight-bearing condition and the 
camcorders were switched off between sets.   
C 
A 
B 
C 
D 
E 
F 
G 
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Figure 4.2: Weight-bearing recorded from video: a) at 10% WB, b) 50% 
WB and c) at 90% WB. 
 
4.3 Statistical Analysis 
To assess the differences in measurements between testers using the conventional 
foot measurements; means, standard deviations and paired Student t tests were used 
with p < 0.05 selected to determine the level of statistical significance. 
Pearson’s correlation coefficients for paired data (Xi, Yi) with the level of 
significance p < 0.01 were used to assess the linear correlation between the 
conventional measurements from the two testers and the photogrammetric 
measurement techniques. The Pearson’s correlation coefficient, r is calculated using:  
r = 
1
𝑛−1
 ∑ (
𝑋𝑖−?̅? 
𝑆𝑥
𝑛
𝑖=1 )(
𝑌𝑖−?̅?
𝑆𝑦
)                                                                      (4.1) 
Where, the standard score is represented by: 
( 𝑋𝑖−?̅?)
𝑆𝑥
   
The sample mean is represented by: 
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?̅? = 
1
𝑛
 ∑ 𝑋𝑖,𝑛𝑖=1  and  
?̅? = 
1
𝑛
 ∑ 𝑌𝑖,𝑛𝑖=1  
Sx is the standard deviation and is represented by: 
Sx = √
1
𝑛−1 
 ∑ (𝑋𝑖 − ?̅?)2𝑛𝑖=1  , and 
Sy = √
1
𝑛−1 
 ∑ (𝑌𝑖 − ?̅?)2𝑛𝑖=1   
The strength of the measurement association increases as the Pearson 
correlation coefficient (r) approaches +1 or -1 signifying a perfect positive linear 
correlation or negative linear correlation respectively. The closer the Pearson’s 
correlation value is to 0, the greater the variation from the linear model. All 
statistical analyses were computed using SPSS version 21.  
4.4 Results 
4.4.1 Effect of testers on measurement accuracy 
The between-tester comparisons for the seven mannequin measurements are 
summarised in Table 4.2. The highest discrepancy between the testers was found in 
the distance A-B as indicated by the mean difference of 0.88 mm and the smallest 
discrepancy was 0.19 mm for distance C-D. From the Student’s t-test, none of the 
measurement discrepancies were statistically significant as the p-values were all 
greater than 0.05 for the seven mannequin distance measurements.  
Table 4.2: Mean mannequin differences between Tester 1 and Tester 2  
 Tester 1 Tester 2    
Distances Mean 
(mm) 
SD (mm) Mean 
(mm) 
SD (mm) Mean 
difference 
(mm) 
t-value p-value 
A-B 56.31 0.55 55.43 0.66 0.88 2.06 0.09 
C-D 51.52 0.87 50.10 0.73 0.19 0.33 0.76 
A-E 62.66 0.70 62.97 0.79 0.31 0.44 0.64 
B-E 55.52 0.76 55.10 0.41 0.42 0.67 0.45 
C-E 48.91 0.64 48.58 0.47 0.33 0.46 0.61 
D-E 44.24 0.51 43.46 0.56 0.78 2.09 0.08 
F-G 52.26 0.88 52.03 0.64 0.24 0.43 0.69 
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4.4.2 Level of agreement between the conventional measurements and 
convergent system measurements 
To determine the level of agreement between the caliper measurements obtained 
from each tester and the convergent imaging measurements for the mannequin 
distances, Pearson’s correlation coefficients (r) were calculated (Table 4.3). The 
Pearson’s correlation results indicated a strong measurement association (p < 0.001) 
between the convergent photogrammetric measurements and the measurements 
obtained by both testers for all the distances.  
The statistically significant correlation coefficients (p < 0.001) ranged from 
0.78 (B-E) for Tester 2 to 0.99 (D-E) for Tester 1. The highest discrepancies in the 
measurements between the two testers were found for the distances A-B and B-E. 
For the measurement A-B, the measurements collected by Tester 1 indicated a lower 
level of association with the convergent ‘gold standard’ measurements (r = 0.85) 
than the measurements collected by Tester 2 (r = 0.96). In contrast, for the distance 
B-E, the measurements conducted by Tester 2 had a weaker correlation (r = 0.78) 
than Tester 1 (r = 0.94) when compared to the convergent photogrammetric 
measurements.  
Table 4.3: Pearson’s correlations (r) between the testers’ measurements and the ‘gold 
standard’ convergent imaging measurements 
Correlations Tester 1 Tester 2 
  r p-value r p-value 
A-B 0.85** <0.001 0.96** <0.001 
C-D 0.85** <0.001 0.88** <0.001 
A-E 0.93** <0.001 0.92** <0.001 
B-E 0.94** <0.001 0.78** <0.001 
C-E 0.93** <0.001 0.97** <0.001 
D-E 0.99** <0.001 0.97** <0.001 
F-G 0.91** <0.001 0.89** <0.001 
** Significant at the 0.01 level.  
The mean difference between the testers’ caliper measurements and the 
dynamic data capture system measurements are provided in Appendix B. The largest 
measurement difference was 1.25 mm and hence the measurements are within the 2 
mm agreement threshold listed for foot anthropometry in the ISO 20385. 
To determine the level of association between the testers’ mannequin 
distance measurements and the mannequin measurements collected using the 
developed dynamic data capture system measurements in Section 3.4.2.2, Pearson’s 
correlation tests were used and the results are listed in Table 4.4.  
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Table 4.4: Pearson’s correlations (r) between the testers’ measurements and the 
developed dynamic data capture measurement system measurements 
Correlations Tester 1 Tester 2 
 r p-value r p-value 
A-B 0.98** <0.001 0.99** <0.001 
C-D 0.96** <0.001 0.93** <0.001 
A-E 0.91** <0.001 0.97** <0.001 
B-E 0.92** <0.001 0.99** <0.001 
C-E 0.96** <0.001 0.94** <0.001 
D-E 0.98** <0.001 0.99** <0.001 
F-G 0.93** <0.001 0.81** <0.001 
** Significant at the 0.01 level.  
The results show highly significant agreements (p < 0.001) between the 
dynamic data capture measurement system measurements and the conventional 
measurements. Overall, stronger levels of correlation were found for the 
comparisons between the testers’ measurements and the developed dynamic data 
capture system measurements than the convergent imaging ‘gold standard’ 
measurements. Pearson’s correlations (r) ranged between 0.81 (F-G) for Tester 2 and 
0.99 for distances A-B, B-E and D-E (Tester 2). The highest measurement 
discrepancy between the two testers was found for the measurements F-G. For the 
measurement F-G, the measurements collected by Tester 2 depicted a weaker level 
of association with the developed data capture system measurements (r = 0.81) than 
the measurements collected by Tester 1 (r = 0.93). 
4.4.3 Effect of weight-bearing changes on conventional measurement accuracy 
The comparisons of the measurements collected by the two testers for the four 
subjects are summarised in Tables 4.5, 4.6 and 4.7 for the 10% WB, 50% WB and 
90% WB conditions respectively.  
Table 4.5: Mean subjects’ measurement differences between Tester 1 and Tester 2 at 
10% WB 
 Tester 1 Tester 2    
Distances Mean 
(mm) 
SEM 
(mm) 
Mean 
(mm) 
SEM 
(mm) 
Mean 
difference 
(mm) 
t-value p-value 
FL 257.63 0.78 257.51 0.87 0.11 0.02 0.99 
TFL 190.08 0.57 191.62 0.18 1.54 0.26 0.79 
DH 66.61 0.85 66.93 1.02 0.32 0.25 0.81 
NH 56.42 0.66 55.54 1.22 0.88 0.64 0.53 
FW 85.06 0.83 86.48 0.81 1.42 1.22 0.23 
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Table 4.6: Mean subjects’ measurement differences between Tester 1 and Tester 2 at 
50% WB 
 Tester 1 Tester 2    
Distances Mean 
(mm) 
SEM 
(mm) 
Mean 
(mm) 
SEM 
(mm) 
Mean 
difference 
(mm) 
t-value p-value 
FL 260.27 1.61 260.66 1.44 0.39 0.06 0.95 
TFL 190.67 1.02 191.61 0.78 0.94 1.31 0.18 
DH 61.84 0.93 62.17 0.64 0.33 0.24 0.81 
NH 51.13 1.12 50.29 0.84 0.85 0.61 0.55 
FW 87.25 0.92 88.05 0.52 0.80 0.76 0.45 
Table 4.7: Mean subjects’ measurement differences between Tester 1 and Tester 2 at 
90% WB 
 Tester 1 Tester 2    
Distances Mean 
(mm) 
SEM 
(mm) 
Mean 
(mm) 
SEM 
(mm) 
Mean 
difference 
(mm) 
t-value p-value 
FL 260.02 0.51 259.65 0.58 0.37 0.06 0.96 
TFL 191.71 0.76 191.33 1.32 0.38 0.07 0.95 
DH 62.70 0.92 64.35 0.44 1.65 1.62 0.12 
NH 53.77 0.77 52.00 0.92 1.77 1.48 0.15 
FW 87.95 0.76 87.96 0.57 0.07 0.08 0.99 
The results for the measurement comparisons between the testers’ 
conventional caliper measurements indicate that the FL measurements had a 
consistent and low mean difference for all the three weight-bearing conditions. Only 
four measurements across the three weight-bearing conditions had mean differences 
larger than 1 mm. These measurements were the TFL and FW at 10% WB and the 
NH and the DH at 90% WB. None of the measurements at 50% WB exceeded 1 mm. 
From the Student’s t-test, the measurement discrepancies between testers at the three 
weight-bearing conditions were found not to be statistically significant as the p-
values were all greater than 0.05 for the five distance measurements.  
4.4.4 Level of agreement between the conventional caliper measurements and 
the developed data capture measures for different weight-bearing conditions 
To determine the level of agreement between the conventional measurements and the 
developed data capture system measures at different weight-bearing conditions, 
Pearson’s correlation coefficients (r) were calculated. The Pearson’s correlations 
results between each tester’s caliper measurements and the developed data capture 
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system measurements are listed in Tables 4.8, 4.9 and 4.10 for the 10%, 50% and 
90% weight-bearing stance conditions respectively.  
Table 4.8: Pearson’s correlations between the testers’ measurements and the 
developed data capture system measurements at 10% WB 
Correlations Tester 1 and dynamic system Tester 2 and dynamic system 
 r p-value r p-value 
FL 0.95** <0.001 0.98** <0.001 
TFL 0.88** <0.001 0.98** <0.001 
DH 0.73** 0.007 0.72** 0.008 
NH 0.58 0.05 0.50 0.07 
FW 0.77** 0.003 0.90** <0.001 
** Significant at the 0.01 level. 
Table 4.9: Pearson’s correlations between the testers’ measurements and the 
developed data capture system measurements at 50% WB 
Correlations Tester 1 and dynamic system Tester 2 and dynamic system 
 r p-value r p-value 
FL 0.99** <0.001 0.99** <0.001 
TFL 0.96** <0.001 0.99** <0.001 
DH 0.77** <0.01 0.74** <0.01 
NH 0.59 0.05 0.64 0.03 
FW 0.76** <0.01 0.73** <0.01 
** Significant at the 0.01 level. 
Table 4.10: Pearson’s correlation between the testers’ measurements and the 
developed data capture system measurements at 90% WB 
Correlations Tester 1 and dynamic system Tester 2 and dynamic system 
 r p-value r p-value 
FL 0.99** <0.001 0.99** <0.001 
TFL 0.94** <0.001 0.97** <0.001 
DH 0.91** <0.001 0.79** <0.001 
NH 0.61 0.04 0.64 0.03 
FW 0.74** <0.01 0.71** <0.01 
** Significant at the 0.01 level. 
All the measurements provided significant correlations across all the 
weight-bearing conditions between the caliper and the developed imaging system 
measurements (p < 0.01) except for the Navicular height (NH). No significant 
correlation was evident for the NH at any of the weight-bearing conditions with the 
lowest level of correlation apparent at 10% WB. The highest level of association 
between the two measurement techniques was found for the FL measurements for 
both testers and across all the weight-bearing conditions. The Pearson’s correlation 
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(r) results were generally similar for both testers with the exception of the DH 
measurements at 90% WB, and the TFL and FW measurements at 10% WB. 
4.5 Discussion 
Non-metric, consumer-grade digital cameras have become commonplace for 
applications of deriving accurate spatial 3D measurements. Some of the applications 
include industrial (Jones and Lunsford; Ozbek et al., 2010), construction (Riveiro et 
al., 2011; Ordóñez et al., 2008) environmental, (Peter Heng et al., 2010; Telem and 
Filin, 2010) and medical (Chong et al., 2009; King, 2012). The quality of the spatial 
3D measurements is dependent on numerous factors which could contribute to errors 
in the measurement system. These errors can be defined through accuracy, precision 
and reliability assessments. 
In the previous chapter, an accuracy assessment of the developed dynamic 
data capture measurement system was conducted through comparative measurements 
of a mannequin foot obtained from ‘gold standard’ high accuracy convergent 
photogrammetric measurements. In this chapter, the accuracy of conventional caliper 
measurements conducted by two testers was validated through comparative analyses 
tests. Mannequin measurements collected by each tester were compared with the 
same measurements obtained from the high accuracy ‘gold standard’ convergent 
photogrammetric measurement method described in Section 3.4.2.1. 
Four sets of seven distances were measured on the mannequin foot by each 
tester and compared with the same seven distance measurements collected from the 
‘gold standard’ convergent photogrammetric technique. The between-tester mean 
measurement discrepancies were smaller than 0.88 mm for all seven measurements. 
To identify whether the measurement differences were significant, a Student t-test 
analysis was conducted. The results of the Student’s t-test indicated that none of the 
measurement discrepancies were statistically significant as the p-values were all 
greater than 0.05 for all the measurements.  
The agreements in the conventional caliper measurements with the ‘gold 
standard’ convergent photogrammetric measurement for the mannequin distances 
were assessed through Pearson’s correlation coefficient tests. The Pearson’s 
correlation results indicated a strong linear measurement correlation (p < 0.001) 
between the convergent photogrammetric measurements and the measurements 
obtained by both testers for all the mannequin distance measurements. The highest 
discrepancies in the measurements between the two testers were found for the 
distances A-B and B-E. Overall, the discrepancies between the testers were not 
statistically significant. Direct caliper measurements are the conventional techniques 
used for quantifying foot anthropometry clinically (Pohl and Farr, 2010; Cornwall 
and McPoil, 2011). The high levels of agreements between the caliper measurements 
and the ‘gold standard’ measurements indicated from this study, proves the 
soundness of the caliper measurement method as a static foot clinical measurement 
tool.  
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The level of linear correlations between the testers’ measurements and the 
developed dynamic data capture system measurements were further investigated 
through Pearson’s correlations. The seven mannequin measurements were all found 
to be significantly correlated between the two measurement techniques. The 
discrepancies between the testers evident from the Pearson’s correlations were lower 
when the measurements were compared to the developed imaging system 
measurements than the ‘gold standard’ measurements.  
Current clinical foot classification measurements are determined by tracking 
the positional changes of landmarks between maximum weight-bearing and 
minimum weight-bearing exerted on the foot (McPoil et al., 2013; Williams and 
McClay, 2000; Pohl and Farr, 2010). The difference in the bone landmark positions 
between the two weight-bearing conditions is then used to assess foot mobility. In 
the current study, the effect of increasing weight-bearing on the conventional 
measurement accuracy was investigated. The level of agreement between the 
conventional tester measurements and the developed dynamic data capture system 
measurements were also assessed.  
Four sets of five foot measurements were collected by the two testers for 
four subjects. The five measurements were: 1) the foot length (FL), 2) truncated foot 
length (TFL), 3) dorsal height (DH), 4) navicular height (NH) and the 5) foot width 
(FW). The results for the measurement comparisons between the testers when 
conducting the conventional caliper measurements indicated that only four 
measurements across the three weight bearing conditions had mean differences 
between 1 mm and 2 mm. These measurements were the TFL and FW at 10% WB, 
and the NH and the DH at 90% WB. None of the measurements at 50% WB 
exceeded 1 mm indicating that higher accuracy measurements were yielded at the 
50% WB condition. This is expected to be the result of the ease of the subjects in 
maintaining their weight-bearing for the duration of the measurements at 50% WB 
due to standing on double limb support. In contrast, at 10% WB and 90% WB, the 
subjects were required to balance and maintain the required weight on one foot for 
the measurement duration (McPoil et al., 2008a). From the Student’s t-test, the 
measurement discrepancies between testers at the three weight-bearing conditions 
were not found to be statistically significant as the p-values were all greater than 
0.05 for the five distance measurements.  
The levels of agreement for the subjects’ foot measurements for both testers 
at the different weight-bearing conditions were compared with the same 
measurements derived from the developed dynamic data capture system. Significant 
Pearson’s correlations (p < 0.01) were found between all the measurements except 
for the navicular height across all the three weight-bearing conditions. The lowest 
level of correlation for the NH between the conventional measurements for both 
testers and the developed system was apparent at 10% WB. This confirms the results 
of previous studies which found the navicular bone measurements to be less 
consistent than the DH measurement were inconsistent due to difficulty in palpating 
the navicular bone (McPoil et al., 2008a) and their sensitivity to changing weight-
bearing (Deng et al., 2010). Nielsen et al. (2010) reported errors between 4 - 5 mm 
for the navicular bone measurements as a result of the difficulty between testers in 
locating and marking the Navicular bone.  
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The highest level of association between the two measurement techniques 
was found for foot length measurements for both testers and across all the weight-
bearing conditions indicating the ease of measuring the foot length compared to the 
other foot measurements. The Pearson’s correlation (r) results were generally similar 
for both testers with the exception of the DH measurements at 90% WB, and TFL 
and FW measurements at 10% WB. These differences between testers are likely to 
be attributed to small discrepancies in the subjects’ foot morphology during different 
measurement sets (Wearing et al., 2004; Billis et al., 2007). By and large, these 
discrepancies were not found to be significant.  
4.6 Conclusion 
The purpose of the study conducted in this chapter was to assess the accuracy of 
conventional measurements conducted by two testers and to investigate the effect of 
changing weight-bearing on measurement accuracy. Mannequin measurements 
collected using a high-accuracy ‘gold standard’ convergent imaging technique was 
used to validate caliper mannequin measurements collected by both testers. The 
levels of measurement correlations were excellent between the caliper and ‘gold 
standard’ mannequin measurements.  
Similarly, high levels of linear measurement correlations were found when 
the conventional mannequin measurements were compared to measurements 
collected using the developed dynamic data capture system. The effect of changing 
static weight-bearing under the foot on foot length, truncated foot length, dorsum 
height, navicular height and the foot width measurement accuracies was investigated. 
Significant correlations were found between the static caliper and dynamic system 
measurements for all the measurements except for the Navicular height. This 
confirms the lack of reliability for the navicular bone measurements found in 
previous studies. 
 The validation of the conventional measurements was essential as calipers 
are the current equipment used to determine the changes in foot bone landmarks at 
different weight-bearing conditions which are used to assess foot mobility. The 
results of the study conducted in this chapter indicate that the caliper measurements 
are suitable for comparing foot anthropometry using conventional static 
measurements and dynamic foot measurements collected using the developed 
dynamic data capture system. Hence in the following chapter, the static conventional 
Foot Mobility Magnitude (FMM) and Arch Height Index (AHI) measures will be 
correlated with the dynamic FMM and AHI measures. This will determine whether 
the conventional static FMM and AHI measurements can accurately predict foot 
mobility.  
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Chapter 5: Comparing static and dynamic 
FMM and AHI measures 
5.1 Introduction  
The aim of the study presented in this chapter is to utilise the developed dynamic 3D 
data capture measurement technique to measure changes in the dorsum of the foot 
during changing dynamic loading and relate foot structural information with foot 
function. The Foot Mobility Magnitude (FMM) (McPoil et al., 2009) and the Arch 
Height Index (AHI) (McPoil et al., 2008b) are the two measurement techniques 
based on the dorsum which will be investigated. These two measurement techniques 
were selected as they are found to yield high reliability and validity results compared 
to other foot assessment techniques (McPoil et al., 2009; Butler et al., 2008). 
Measurements collected from the developed dynamic data capture system will be 
correlated with the conventional clinical measurement techniques using calipers to 
identify the level of association between dynamic and static clinical measures of 
FMM and AHI.   
5.2 Methods 
5.2.1 Subjects 
For the comparison of conventional static measurements and dynamic foot mobility 
measurements based on the Dorsum as the reference point, 17 male participants 
volunteered for the study after providing a written informed consent (Appendix B). 
The criteria for participant inclusion in the study were a minimum age of 18 years 
and no previous history of lower limb injury, disease or deformity. The mean age of 
the participants was 32.1 ± 6.7 years and the mean weight was 86.8 ± 9.9 kilograms. 
Only the right foot of all the participants was measured.  
5.2.2 Anthropometric retro-target placements 
Each subject’s anthropometric measurements were conducted by two testers; one 
who had 24 months experience with conducting the foot dimension measurements 
(Tester 1) and the other who had six months experience (Tester 2). The variation in 
the clinical assessment experience was to determine whether the level of experience 
has an effect on the measurement variations. The purpose of conducting the manual 
measurements was to provide a benchmark for measurement comparisons between 
conventional static measures of foot mobility and the actual behaviour of the foot 
during the changes in the weight-bearing during gait.  
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To determine the foot length (FL) of each subject, a retro-reflective target 
was placed at the most posterior part of the foot indicating the location of the heel 
and another target was placed at the tip of the large toe. The subjects were then 
instructed to stand in a relaxed double-limb support position where their weight is 
divided across both feet. A Kincrome digital caliper with a resolution of 0.1 mm was 
used to measure the distance between the two targets and infer the 50% distance of 
the total right foot length. The 50% foot length measurement was then used to place 
three retro-reflective targets in the following locations: 1) the dorsum of the foot at 
50% FL, 2) the medial side of the foot at 50% FL and 3) the lateral side of the foot at 
50% FL.  
As the dorsum height was required to be measured to the ground during 
gait, a reference line was required on the foot. The distance from the reference line to 
the ground surface could then be added to the distance from the dorsum to the 
reference line to determine the dorsum height during processing. To create the 
baseline, two anthropometric marks were added in the following medial locations on 
the foot: 1) two centimetres anterior to the most posterior part of the foot and two 
centimetres from the ground, and 2) on the first metatarsal head. The location of the 
first metatarsal head was identified and marked through palpation by the same tester 
who had 24 months clinical experience with locating and marking the 
anthropometric marks. The locations of the marks are shown in Figure 5.1. 
     
Figure 5.1: The location of the anthropometric targets. 
From Figure 5.1, the dorsum is depicted as point A, the medial side of the 
foot at 50% foot length is represented by point B, the lateral side of the foot at 50% 
foot length is represented as point C, the most posterior point of the foot is shown as 
point E and the most anterior point on the foot is shown as point D. The baseline is 
represented as the line G-H where G is positioned on the first metatarsal head and H 
is the point two centimetres anterior to the most posterior part of the foot. 
5.2.3 Manual static anthropometric measurements 
Each participant’s weight was collected using a digital scale and 10%, 50% and 90% 
weight bearings (WB) were calculated from the weight of each subject. The 
participants were then instructed to place their right foot on the digital scale and 
exert weight until 10% of their total weight was displayed on the scale. When the 
required 10% WB was achieved, the subjects were instructed to maintain their foot 
position and weight-bearing while manual caliper measurements were collected by 
the two testers. Each subject was then required to repeat the same process with 
C 
A 
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D E 
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H 
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changing the weight-bearing until the digital scales displayed 50% of their total 
weight and again at 90% body weight and the same measurements were repeated by 
the two testers. A total of four measurement sets were collected for each weight-
bearing condition by each tester and the subjects were required to relax their foot 
between sets. The dorsum was measured from the surface of the digital scale while 
the remaining distances were measured between the retro-reflective targets.  
5.2.4 Dynamic anthropometric measurements 
After the static measurements were collected, each participant practiced walking on 
the elevated imaging platform for 10 minutes before data collection until they felt 
comfortable walking at a natural, self-selected pace. The 12 camcorder configuration 
was then setup around the platform and the video sequences were recorded as 
described in Section 3.4.2.2. The gen-lock system was triggered and the LED light 
was activated at the instant the subject’s foot landed on the force plate (at heel-strike) 
as shown in Figure 5.2. 
 
 
 
Figure 5.2: Gen-lock activation at heel-strike. 
The three dynamic foot positions that were used to study the relationship 
between the static weight-bearing measurements were: 1) heel-strike, 2) mid-stance 
and 3) active propulsion as demonstrated in Figure 5.3.  
 
 
 
Figure 5.3: Foot gait positions at: a) heel-strike, b) mid-stance and c) 
active propulsion. 
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These foot gait positions were chosen as it was previously identified that 
these positions are the closest to full weight-bearing, minimal weight-bearing and 
mid-stance which will be correlated to the 10% WB, 50% WB and 90% WB caliper 
measurements respectively (Kappel et al., 2012; Jensen and Juhl, 2009).  
The flashing LED was time-stamped with the camcorders and the force 
plate data to determine the exact photo frames for the three foot positions (Figure 
5.4). Four sets were repeated for each subject’s walk and the Netforce AMTI 
software was used to record the force plate data during walking and to correlate the 
time of the gen-lock system with the force plate measurements. The video sequences 
were then converted to still images using the software packages Tripard HD virtual 
converter (version 6.1.12) and Virtual Dub (version 1.6.15). The required distances 
for the foot width and Dorsum height were determined using the bundle adjustment 
algorithms in the software Australis. Figure 5.4 displays the synchronised Ground 
Reaction Force (GRF) graph with the images frame-grabbed at heel-strike, mid-
stance and active propulsion.  
 
 
Figure 5.4: The location of heel-strike, mid-stance and active propulsion 
of the GRF graph.  
 
5.2.5 Foot Mobility Magnitude (FMM) calculations 
The Foot Mobility Magnitude (FMM) developed by McPoil et al. (2009) for each 
subject was calculated using Equation 2.1: 
0
100
200
300
400
500
600
700
800
900
1000
0 100 200 300 400 500
F
o
rc
e 
(N
)
Time (s)
 Chapter 5                                                                                                                  71 
 
𝐹𝑀𝑀 =  √(𝐴𝐻𝑚𝑎𝑥 − 𝐴𝐻𝑚𝑖𝑛)2 + (𝐹𝑊𝑚𝑎𝑥 − 𝐹𝑊𝑚𝑖𝑛)2                                         
 
Where, AHmax is the dorsum height at 50% FL when the foot weight bearing is 90% 
for static measurements and when it is at active propulsion for dynamic 
measurements,  
 
AHmin is the dorsum height at 50% FL when the foot weight bearing is 10% for static 
measurements and when it is at heel-strike for dynamic measurements,  
 
FWmax is the foot width at 50% FL when the foot weight bearing is 90% for static 
measurements and when it is at active propulsion for dynamic measurements and, 
 
FWmin is the foot width at 50% FL when the foot weight bearing is 10% for static 
measurements and when it is at hee-strike for dynamic measurements. 
 
Originally, McPoil et al. (2009) used the equation to calculate the FMM for 
static measurements between 10% and 90% weight-bearing. However in this study, 
the equation was also used to determine the changes in weight-bearing between 10% 
and 50% to gain insight on whether one weight-bearing condition is a better 
indicator of dynamic foot mobility than the other. For the dynamic measurements, 
the difference between 10% WB and 50% WB will be compared to measurement 
differences between heel strike- and mid-stance.  
5.2.6 Arch Height Index (AHI) calculations 
Two versions of the Arch Height Index were found in the literature (Williams and 
McClay, 2000) and both were used in this study. For the purpose of simplicity, the 
two variations of the AHI will be referred to as AHI 1 and AHI 2. 
AHI 1 measures the change in the Dorsum height relative to the total foot 
length for all the weight-bearing conditions and is expressed as the following ratio:  
AHI 1 = DH / FL                                                                                                     (5.1) 
Where, DH is the Dorsum height at 50% foot length, and  
FL is the total foot length which is measured from the most posterior part of the foot 
to the most anterior part of the foot (the tip of the largest toe).   
AHI 2 measures the change in the Dorsum height relative to the truncated 
foot length for all the weight-bearing conditions and is expressed as the following 
ratio:  
AHI 2 = DH / TFL                                                                                                  (5.2) 
Where, DH is the Dorsal height at 50% foot length and,  
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TFL is the Truncated Foot Length and is measured from the first metatarsal head to 
the most posterior part of the foot.  
The static AHI 1 and AHI 2 will be calculated at 10% WB, 50% WB and 
90% WB. The dynamic AHI 1 and AHI 2 will be calculated at heel-strike, mid-
stance and active-propulsion.  
5.3 Statistical analysis 
Intraclass correlation coefficients (ICC), which are measurements of reliability, were 
used to determine the level of consistency in measurement repetitions, as well as the 
level of agreement of the same measurements between the caliper measurements and 
the 3D dynamic measurements (Shrout and Fleiss, 1979). Intra-rater reliability (ICC 
[2,4]) was used to determine the agreement of each tester in performing four 
repetitions of the measurements and to determine the consistency of the dynamic gait 
measurement repetitions. Inter-rater reliability (ICC [2,4]) was used to determine the 
agreement in the DH and FW measurements between the two testers. The 
classifications of the ICC values were selected based on the study conducted by 
Landis and Koch (1977) and are listed in Table 5.1. The strength of the inter-class 
and intra-class correlations increases as the ICC approaches 1.  
Table 5.1: Strength of ICC agreements and their classifications (Landis and Koch, 
1977) 
ICC statistic range Agreement strength 
< 0.00 poor 
0.00-0.20 Slight 
0.21-0.40 Fair 
0.41-0.60 Moderate 
0.61-0.80 Substantial 
0.81-1.00 Almost perfect 
 
To assess the linear correlation between the caliper and the dynamic data 
capture system measurements, Pearson’s correlation coefficients were used. All 
statistical analyses were computed in SPSS version 21.  
5.4 Results 
5.4.1 Comparing static and dynamic FMM measurements   
The descriptive data for the Dorsal height (DH) and foot width (FW) at 10%, 50% 
and 90% WB for Tester 1, Tester 2 and the dynamic measurements collected using 
the dynamic data capture system are summarised in Table 5.2.  
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The mean DH and FW values for the 10% WB and 50% WB conditions 
were consistent across both testers and dynamic data capture system. The mean FW 
values for both testers increased at 50% WB and 90% WB, whereas the FW 
decreased during the dynamic measurements when the weight-bearing was 
increased. The results also revealed that the standard deviations and SEM were 
higher for the FW measurements across all weight-bearing conditions indicating that 
the measurements of the width of the foot are more variable than the dorsum height 
measurements.  
Table 5.2: Descriptive data for static and dynamic measurements of the DH and FW 
at 10%, 50% and 90% WB   
% WB Tester 1caliper Tester 2caliper Dynamic measures 
 Mean 
(mm) 
SD 
(mm) 
SEM 
(mm) 
Mean 
(mm) 
SD 
(mm) 
SEM 
(mm) 
Mean 
(mm) 
SD 
(mm) 
SEM 
(mm) 
10%   DH 69.02 4.39 0.66 68.98 5.25 0.65 69.994 4.76 0.71 
           FW 90.11 5.64 0.84 90.15 4.71 0.70 89.742 5.22 0.78 
50%   DH 64.51 4.36 0.65 65.77 4.29 0.64 65.817 3.90 0.58 
           FW 92.17 5.71 0.85 91.95 5.11 0.76 89.514 5.70 0.85 
90%   DH 63.85 4.94 0.74 65.07 4.51 0.67 67.341 4.41 0.66 
           FW 93.52 5.20 0.78 92.96 5.30 0.79 87.173 6.81 1.01 
The reliability of the DH and FW measurements were assessed using 
Intraclass Correlation Coefficients (ICC) and the results are summarised in Tables 
5.3 and 5.4 for the intra-rater and inter-rater reliability respectively. Intra-rater 
reliability values between the four repeated sets (Table 5.3) were rated almost perfect 
for all the measurements and across all the weight-bearing conditions, ranging from 
0.901 (Tester 2) to 0.992 (dynamic measurements). Overall, the dynamic data 
capture system provided higher ICC values across all the measurements and weight-
bearing conditions. The only exceptions were for the FW measurements at the 10% 
WB and the 90% WB conditions where both testers obtained higher ICC values. For 
the dynamic measurements, the highest reliability was observed at 50% WB whereas 
for the manual tester measurements the highest reliability was achieved for the 90% 
WB measurements.  
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Table 5.3: Intraclass correlation coefficients (ICC) for intra-rater reliability (between 
sets) for DH and FW measurements 
 Tester 1caliper Tester 2caliper Dynamic measurements 
% WB ICC 95% C.I ICC 95% C.I ICC 95% C.I 
10%         DH 0.929 0.843-0.972 0.921 0.823-0.969 0.983 0.961-0.994 
                FW 0.980 0.955-0.992 0.988 0.974-0.995 0.951 0.884-0.982 
50%        DH 0.924 0.828-0.970 0.901 0.780-0.961 0.988 0.971-0.995 
               FW 0.980 0.955-0.992 0.990 0.981-0.997 0.992 0.982-0.997 
90%       DH 0.940 0.867-0.976 0.934 0.848-0.974 0.971 0.933-0.990 
               FW 0.990 0.978-0.996 0.991 0.979-0.996 0.989 0.975-0.996 
The inter-tester reliability results for the agreement between the testers’ 
measurements and the agreement between each tester’s measurements and the 
dynamic measurements are listed in Table 5.4. The inter-tester results again yielded 
almost perfect agreement between the two testers in conducting the same manual 
measurements. The lowest ICC value (0.824) was achieved between Tester 1 and 
Tester 2 for the DH measurements at 50% WB and the highest (0.953) was obtained 
for the FW measurements at 50% WB. The DH provided less reliability across all 
the weight-bearing conditions compared to the FW when the two testers’ 
measurements were compared.  
It is clearly evident from the results that the measurement agreements 
between the two testers’ caliper measures were better than the agreements between 
the dynamic measures and each of the testers’ measures. The ICC results between 
Tester 1 and Tester 2 for the FW across all weight-bearing conditions were almost 
perfect (0.932-0.953). The correlations between the dynamic measurements and the 
testers’ caliper measurements provided mainly substantial ICC results (0.693-0.859). 
The agreements between the dynamic image-based measurements and the testers’ 
caliper measurements improved for the DH and FW measurements at the 50% WB 
condition. 
Table 5.4: Intraclass correlation coefficients (ICC) for inter-rater reliability for DH 
and FW measurements between the static and dynamic measures 
 Tester 1 and Tester 2 Tester 2 and dynamic 
measures 
Tester 1 and dynamic 
measures 
% WB ICC 95% C.I ICC 95% C.I ICC 95% C.I 
10%      DH 0.862 0.765-0.919 0.750 0.548-0.862 0.784 0.608-0.881 
              FW 0.932 0.881-0.961 0.833 0.511-0.927 0.719 0.579-0.915 
50%      DH 0.824 0.665-0.904 0.836 0.670-0.914 0.900 0.818-0.945 
              FW 0.953 0.920-0.972 0.859 0.743-0.992 0.780 0.505-0.892 
90%      DH 0.828 0.682-0.904 0.727 0.400-0.894 0.815 0.434-0.921 
              FW 0.936 0.871-0.966 0.696 0.204-0.907 0.693 0.192-0.896 
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To determine whether 50% WB might be a better indicator of the dynamic 
behaviour of the foot, ICC results were calculated for the Foot Mobility Magnitude 
(FMM) between 10% WB and 50% WB and also between 10% WB and 90% WB 
(Table 5.5). 
Table 5.5: Intraclass correlation coefficients (ICC) for the intra-rater reliability of the 
FMM at different weight-bearing conditions (between sets) 
FMM Tester 1 Tester 2 Dynamic system 
 ICC 95% C.I ICC 95% C.I ICC 95% C.I 
10%-50% WB 0.827 0.607-0.933 0.718 0.385-0.888 0.960 0.905-0.985 
10%-90%WB 0.556 0.03-0.828 0.559 0.117-0.841 0.912 0.790-0.968 
From Table 5.5, almost perfect ICC values were calculated for the dynamic 
FMM measurements, particularly when the weight-bearing was changed from 10% 
to 50% (ICC = 0.960). The lowest ICC values were for Tester 1 between 10% and 
90% WB (ICC = 0.556) and for Tester 2 between 10% and 90% WB (ICC = 0.599) 
which were both classified as only moderately reliable. Overall the reliability was 
higher when the weight-bearing was changed from 10% to 50% WB for both testers 
and the dynamic system measurements. 
To determine the level of association between the static and dynamic DH 
and FW measurements, further analysis using Pearson’s correlation coefficients (r) 
were used. The results are listed in Tables 5.6, 5.7 and 5.8 for the 10%, 50% and 
90% weight-bearing conditions respectively. 
Table 5.6: Pearson’s correlation between the testers’ caliper measurements and the 
dynamic measurements at 10% WB 
Correlations Tester 1 Tester2 
  r p-value  r p-value 
DH 0.610** <0.01 0.655** <0.01 
FW 0.752** <0.01 0.734** <0.01 
** Significant at the 0.01 level.  
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Table 5.7: Pearson’s correlation between the testers’ caliper measurements and the 
dynamic measurements at 50% WB 
Correlations Tester 1 Tester2 
  r p-value  r p-value 
DH 0.754** <0.01 0.819** <0.01 
FW 0.854** <0.01 0.747** <0.01 
** Significant at the 0.01 level.  
Table 5.8: Pearson’s correlation between the testers’ caliper measurements and the 
dynamic measurements at 90% WB 
Correlations Tester 1 Tester2 
  r p-value  r p-value 
DH 0.730** <0.01 0.775** <0.01 
FW 0.787** <0.01 0.745** <0.01 
** Significant at the 0.01 level. 
The Pearson’s correlation results indicate statistically significant 
correlations for the DH and FW measurements for both testers across all three 
weight-bearing conditions (p < 0.01). The correlations were highest for the 50% WB 
condition and the weakest for both testers at 10% WB.  
The Pearson’s correlation results for the FMM between 10% WB and 50% 
WB and between 10% WB and 90% WB was not found to have any statistical level 
of significance between the caliper measurements and the dynamic measurements 
(Table 5.9). The correlations (r) were weak and ranged from 0.02 and 0.116. 
Table 5.9: Pearson’s correlation between testers and the dynamic system for the 
FMM 
Correlations Tester 1 Tester2 
WB  r p-value  r p-value 
10% -50%  -0.076 0.619 0.116 0.447 
10%-90% -0.020 0.895 -0.102 0.504 
5.4.2 Comparing static and dynamic AHI measurements   
The mean, standard deviation and Standard Error of Measurement (SEM) values for 
the Foot Length (FL) and Truncated Foot Length (TFL) at 10%, 50% and 90% WB 
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for both testers and the dynamic measurements are summarised in Table 5.10. The 
mean FL and TFL values for the 10%, 50% and 90% weight-bearing conditions were 
consistent across both testers and dynamic data capture system measurements. From 
the results it is apparent that the Standard Error of Measurements (SEM) is high for 
the TFL and the FL indicating that the variations in the repeated foot length 
measurements are high. The highest SEM values were calculated for the FL 
measurements and were generally similar across all the weight-bearing conditions 
and for the static and dynamic measurements.  
Table 5.10: Descriptive data for static and dynamic measurements of the FL and TFL 
at 10%, 50% and 90% WB     
% WB Tester 1 Tester 2 Dynamic system 
 Mean 
(mm) 
SD 
(mm) 
SEM 
(mm) 
Mean 
(mm) 
SD 
(mm) 
SEM 
(mm) 
Mean 
(mm) 
SD 
(mm) 
SEM 
(mm) 
10%  FL 268.079 17.77 2.649 268.166 17.884 2.67 267.861 18.745 2.794 
       TFL 197.888 14.481 2.159 198.386 14.323 2.135 199.256 13.975 2.083 
50%  FL 271.046 17.784 2.651 271.069 17.151 2.557 270.263 16.435 2.45 
       TFL 198.937 14.405 2.147 200.346 13.022 1.941 200.034 13.2 1.968 
90%  FL 271.387 17.303 2.579 271.017 17.515 2.611 270.937 16.598 2.474 
       TFL 201.019 14.077 2.172 200.548 15.081 2.327 201.183 13.294 2.051 
 
The variations between the four sets for the measurements of the components 
of both versions of the AHI (AHI 1 and AHI 2) were analysed using Intra-rater 
reliability results (Table 5.11).  
Table 5.11: Intraclass correlation coefficients (ICC) for intra-tester reliability of the 
FL and TFL measurements 
 Tester 1caliper Tester 2caliper Dynamic measurements 
% WB ICC 95% C.I ICC 95% C.I ICC 95% C.I 
10%    FL 0.999 0.998-1.00 0.999 0.999-1.00 0.999 0.998-1.00 
         TFL 0.995 0.990-0.998 0.996 0.991-0.998 0.998 0.995-0.998 
50%    FL 0.999 0.998-1.00 0.999 0.998-1.00 0.999 0.997-1.00 
         TFL 0.992 0.982-0.997 0.996 0.991-0.999 0.998 0.996-0.999 
90%    FL 0.999 0.999-1.00 0.999 0.999-1.00 0.998 0.996-0.999 
         TFL 0.994 0.987-0.998 0.997 0.993-0.999 0.998 0.996-0.999 
The intra-rater reliability results of the Truncated Foot Length (TFL) and 
the Foot Length (FL) were considered almost perfect for all the measurements and 
across all weight-bearing conditions with a range of 0.992 to 0.999. The ICC values 
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for the TFL measurements were slightly higher for the dynamic measurements 
compared to the testers’ measurements whereas the FL measurements were almost 
identical between the static and dynamic measurements. There was no significant 
change in the intra-rater reliability results when the weight-bearing conditions were 
changed. Due to the small variations between the ICC values for the dynamic image-
based system measurements across weight-bearing conditions, it is evident that this 
measurement technique provides more robust measurement repeatability.  
The inter-tester reliability (Table 5.12) showed almost perfect agreement 
between the two testers in conducting the same manual measurements. The lowest 
ICC value (0.984) was obtained for the TFL at 50% WB and the highest (0.999) was 
obtained for FL at 90% WB. The TFL showed less reliability across all the weight-
bearing conditions compared to the FL measurements, indicating that the testers’ 
measurements were closer in agreement for the FL measurements.  
Table 5.12: Intraclass correlation coefficients (ICC) for inter-rater reliability 
 Tester 1 and Tester 2 Dynamic measures and 
Tester 2 
Dynamic measures and 
Tester 1 
% WB ICC 95% C.I ICC 95% C.I ICC 95% C.I 
10%    FL 0.998 0.997-0.999 0.986 0.975-0.993 0.987 0.976-0.993 
         TFL 0.988 0.979-0.994 0.987 0.976-0.993 0.982 0.967-0.990 
50%    FL 0.998 0.997-0.999 0.992 0.985-0.996 0.989 0.981-0.994 
         TFL 0.984 0.972-0.991 0.994 0.989-0.997 0.985 0.970-0.991 
90%    FL 0.999 0.977-0.999 0.933 0.887-0.996 0.994 0.989-0.997 
         TFL 0.991 0.983-0.995 0.960 0.927-0.978 0.964 0.935-0.980 
The inter-rater reliability between the dynamic measurements and the 
testers’ measurements was also almost perfect with a range between 0.933 and 
0.994. The lowest ICC values were found between the dynamic measurement system 
and Tester 2 for the FL (ICC = 0.933) and the TFL (ICC = 0.960) at 90% weight-
bearing. The ICC between the dynamic system and Tester 1 was also lower for the 
TFL measurement at 90% weight-bearing than the 10% and 50% weight-bearing 
conditions (ICC = 0.964). 
The ICC results were also determined for the AHI measurements and listed 
in Tables 5.13 and 5.14 for AHI 1 and AHI 2 respectively. The repeated 
measurement sets provided higher intra-rater reliabilities for the dynamic 
measurements when compared to the testers’ measurements. For the dynamic AHI 1 
and AHI 2 measurements, the highest reliability was determined for the 50% weight-
bearing condition and the lowest was for the 90% WB conditions. The ICC values 
for the testers were similar for both variations of the AHI. For the manual testers’ 
measurements of the AHI 1 the highest ICC values were achieved at the 10% WB 
and the lowest were for the 50% WB condition. In contrast, the highest ICC values 
for AHI 2 were found for the 90% WB measurements and the lowest were also for 
the 50% WB measure. 
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Table 5.13: Intra-rater ICC for AHI 1 (DH/TFL) at the different weight-bearing 
conditions  
DH/TFL Tester 1caliper Tester 2caliper Dynamic measurements 
% WB ICC 95% C.I ICC 95% C.I ICC 95% C.I 
10% 0.969 0.931-0.988 0.967 0.926-0.987 0.991 0.979-0.997 
50% 0.957 0.903-0.983 0.960 0.910-0.984 0.992 0.981-0.997 
90% 0.961 0.915-0.985 0.962 0.912-0.985 0.984 0.961-0.994 
Table 5.14: Intra-rater ICC for AHI 2 (DH/FL) at the different weight-bearing 
conditions  
DH/FL Tester 1caliper Tester 2caliper Dynamic measurements 
% WB ICC 95% C.I ICC 95% C.I ICC 95% C.I 
10% 0.961 0.911-0.985 0.965 0.919-0.987 0.990 0.977-0.996 
50% 0.956 0.900-0.983 0.954 0.898-0.982 0.993 0.984-0.998 
90% 0.963 0.916-0.985 0.971 0.934-0.989 0.981 0.954-0.993 
Inter-rater reliability was again determined to assess the correlations 
between the dynamic and the static weight-bearing measurements for AHI 1 and 
AHI 2. The results are listed in Tables 5.15 and 5.16 for AHI 1 and AHI 2 
respectively. The ICC values between Tester 1 and Tester 2 were generally lower for 
the AHI 2 measurements than the AHI 1 measurements for the 10% and 50% WB 
conditions but higher for the 90% WB condition. The agreement between the static 
and dynamic measurements was also lower for the AHI 2 measurements with the 
lowest ICC value of 0.766. This was found between the dynamic measurements and 
the static caliper measurements conducted by Tester 1 at 10% WB. Similarly the 
smallest level of agreement for the AHI 1 measurements was ICC of 0.879 between 
the dynamic system and Tester 1 at 10% WB. The highest agreement values for both 
AHI 1 and AHI 2 between the dynamic and static measurements were for the 50% 
weight-bearing condition.  
Table 5.15: Intraclass correlation coefficients (ICC) for inter-rater reliability for AHI 
1 (DH/TFL) between static and dynamic measures 
DH/TFL Tester 1 and Tester 2 Tester 2 and dynamic 
measures 
Tester 1 and dynamic 
measures 
% WB ICC 95% C.I ICC 95% C.I ICC 95% C.I 
10% 0.941 0.893-0.968 0.889 0.797-0.939 0.879 0.779-0.933 
50% 0.910 0.837-0.951 0.947 0.903-0.971 0.915 0.846-0.954 
90% 0.884 0.789-0.936 0.903 0.824-0.947 0.883 0.788-0.936 
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Table 5.16: Intraclass correlation coefficients (ICC) for inter-rater reliability for AHI 
2 (DH/FL) between static and dynamic measures 
DH/TFL Tester 1 and Tester 2 Tester 2 and dynamic 
system 
Tester 1 and dynamic 
system 
% WB ICC 95% C.I ICC 95% C.I ICC 95% C.I 
10% 0.938 0.887-0.966 0.789 0.647-0.878 0.766 0.611-0.846 
50% 0.903 0.820-0.948 0.931 0.872-0.963 0.913 0.838-0.953 
90% 0.887 0.795-0.938 0.829 0.709-0.902 0.785 0.641-0.876 
 
To determine the significance of the levels of agreement between the static 
and dynamic system, Pearson’s correlation coefficients were used for the 
measurements of the FL, TFL, AHI 1 and AHI 2 and the results are shown in Tables 
5.17, 5.18 and 5.19 for the 10%, 50% and 90% WB conditions respectively. 
Table 5.17: Pearson’s correlation between testers and the dynamic measures at 10% 
WB 
Correlations Tester 1 Tester 2 
  r p-value r p-value 
FL 0.975** <0.01 0.974** <0.01 
TFL 0.965** <0.01 0.974** <0.01 
AHI 1 0.772** <0.01 0.705** <0.01 
AHI 2 0.675** <0.01 0.707** <0.01 
** Correlation significant at the 0.01 level  
Table 5.18: Pearson’s correlation between testers and the dynamic measures at 50% 
WB 
Correlations Tester 1 Tester 2 
  r p-value r p-value 
FL 0.989** <0.01 0.987** <0.01 
TFL 0.973** <0.01 0.988** <0.01 
AHI 1 0.792** <0.01 0.826** <0.01 
AHI 2 0.791** <0.01 0.867** <0.01 
** Correlation significant at the 0.01 level  
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Table 5.19: Pearson’s correlation between testers and the dynamic measures at 90% 
WB 
Correlations Tester 1 Tester 2 
 r p-value r p-value 
FL 0.982** <0.01 0.985** <0.01 
TFL 0.923** <0.01 0.933** <0.01 
AHI 1 0.787** <0.01 0.786** <0.01 
AHI 2 0.636** <0.01 0.733** <0.01 
** Correlation significant at the 0.01 level  
From the Pearson’s correlation results, the levels of association were 
statistically significant (p < 0.01) between the dynamic measurements and each 
tester’s measurements across the three weight-bearing conditions. The level of 
correlation was highest at the 50% WB condition and the correlations were similar 
for both testers.  
5.5 Discussion 
Conventional clinical assessment techniques of foot mobility are used to measure 
changes in bony landmarks on the foot statically between maximum and minimum 
weight-bearing conditions applied on the foot. The changes in the bony landmark 
positions are then used to infer the behaviour of the foot dynamically. The limitation 
with these static assessment techniques is that they assume that the foot is a single 
rigid body and are unable to reflect the true behaviour of the foot during dynamic 
mobility for activities such as gait.  
The relationship between two conventional static foot assessment 
techniques based on the Dorsum as a point of reference and the behaviour of the 
same measurements dynamically were compared in this research. The FMM and 
AHI were selected due to their high levels of reliability and validity when compared 
to other clinical foot assessment techniques (McPoil et al., 2008b; McPoil et al., 
2009). The developed data capture system was used to collect the dynamic 
measurements during gait and compare them with conventional static caliper 
measurements from two testers. Variations between the dynamic and static 
measurements were expected as a result of dynamic foot morphology.  
From the inter-rater ICC reliability results, lower levels of correlations were 
exhibited between the dynamic measurements and each of the tester’s measurements 
than between the two manual measurements collected between the two testers. This 
was expected as the weight-bearing conditions selected during gait; namely 1) the 
heel contact, 2) mid-stance and 3) active propulsion were based on the lowest, 
middle and highest foot loading stages of the gait cycle so they do not match the 
static 10%, 50% and 90% weight-bearing conditions exactly. The DH measurements 
provided lower inter-rater reliability results between Tester 1 and Tester 2 across all 
weight-bearing conditions compared to the other measurements. This was the result 
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of the difficulty in measuring the Dorsum height from the supporting ground surface 
every time the foot was relaxed and re-measured as opposed to measuring between 
foot markers.  
The inter-rater ICC values between Tester 1 and Tester 2 were high for the 
FW measurements across all weight-bearing conditions whereas the correlations 
between the dynamic measurements and static measurements from both testers only 
provided moderate correlations. This is likely to be the direct result of the narrowing 
of the foot during gait as compared to the widening of the foot when weight-bearing 
is applied on the foot statically. Interestingly, the agreement between the dynamic 
and static measurements improved for the DH and FW at 50% WB which could 
indicate that the 50% static weight-bearing might be a better predictor of the 
dynamic behaviour of the foot than at 90% static weight-bearing.  
In order to assess the level of association between the dynamic and static 
measurements, Pearson’s correlation coefficients were calculated and the level of 
significant was determined at p <0.01. The correlation results indicated a high 
association level for all the anthropometric markers; namely the DH, FW, FL and 
TFL as well as for the AHI 1 and AHI 2 calculations at all the weight-bearing 
conditions. The levels of correlations were also found to be higher for the FL and 
TFL compared to the DH and FW across all weight-bearing conditions. The 
agreements between the static and dynamic DH, FW and FL measurements as 
determined from the Pearson’s correlations were the highest between the static 
caliper measurements from both testers at 50% WB and the dynamic foot 
measurements at mid-stance. The lowest levels of agreement were identified for the 
DH, FW and FL measurements between the static 10% WB measurements and the 
dynamic heel contact measurements. In contrast, the level of association between the 
static and dynamic TFL measurements was highest for both testers at 50% WB and 
the lowest was between the static 90% WB measurements and the dynamic 
measurements at active propulsion. Overall, the excellent reliability results from this 
study were in agreement to the intra-tester results found in McPoil et al. (2009).  
In the current study, the authors expected the ICC values for the 90% WB 
condition to be lower for the manual caliper measurements as it was speculated that 
the subjects would find it harder to maintain 90% WB for the measurement duration. 
Subject fatigue was evident when the measurements were conducted as they needed 
to maintain 90% weight-bearing for a few minutes. The reason for the higher ICC 
values at 90% WB is speculated to be the result of the subject’s familiarity with the 
measurements as it was the final weight-bearing measurements to be collected for 
each subject.  
In contrast to the high levels of correlations between the static and dynamic 
individual anthropometric measurements, the FMM results were significantly 
different between the static and dynamic measures. As the FMM was developed as a 
measure of foot mobility to reflect the behaviour of the Medial Longitudinal Arch 
dynamically, the weak level of association between the static and dynamic foot 
measurements revealed that the test might not be suitable for predicting dynamic foot 
mobility during gait. The Intra-rater correlation ICCs were significantly higher for 
the repeated dynamic measurements than the static measurements. In particular, the 
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high intra-rater reliability between both the testers and the dynamic measurements 
was more evident between 10% and 50% WB than between 10% and 90% WB. It is 
therefore concluded that measuring the FMM between 10% WB and 50% WB 
results in more repeatable measures as this weight-bearing condition might provide a 
better prediction of foot mobility and is encouraged to be considered in future 
studies. The level of association between the static and dynamic measurements as 
evident by the Pearson’s correlation results were also found to be weaker for the 
10% to 90% WB confirming the above statement.  
For the AHI measurements, the intra-rater ICC values showed higher 
repeatability results for the dynamic measurements compared to the tester’s static 
caliper measurements.  For the AHI 1 and the AHI 2, the highest reliability for the 
dynamic measurements was determined for the 50% WB condition and the lowest 
was found at the 90% WB. This indicates that the repeatability of the dynamic 
system measurements was better at mid-stance as at this condition, the dynamic 
measurements are less variable than at heel contact and active propulsion. The intra-
rater results between Tester 1 and Tester 2 were similar for both testers with the 50% 
WB showing the lowest level of repeatability. The reason for this could be due to the 
lower repeatability of the manual DH measurements at the 50% WB condition than 
the 10% and 90% WB conditions. The was not expected as the 50% WB condition 
was found to be easier for the testers to conduct than the 10% WB or 90% WB 
conditions.  
The inter-rater ICC results for the AHI 1 and AHI 2 show that the highest 
level of agreement between the static and dynamic measurements was for the 50% 
WB condition. It is hence concluded that measuring the AHI as a predictor of the 
dynamic foot posture at 50% WB might provide a better prediction of the dynamic 
foot posture. The level of agreement between the static and dynamic measurements 
was higher for the AHI 1 measurements than the AHI 2 measurements indicating 
that measuring the TFL is more correlated to the dynamic TFL than between the 
static and dynamic FL. Overall, the level of association was high between each of the 
tester’s manual measurements and the dynamic measurements. The highest level of 
association from the Pearson’s correlation analysis was between the static and 
dynamic measurements at 50% WB. The AHI 1 measurements showed a higher level 
of association than the AHI 2 measurements between the static and dynamic 
measurements. 
5.6 Conclusion 
The level of correlation between conventional static foot mobility assessments based 
on the changes in the dorsum and the same measurements collected dynamically 
during gait was investigated and reported in this chapter. The two clinical 
measurement techniques selected in the study were the Foot Mobility Magnitude 
(FMM) and the Arch height Index (AHI). These two dorsum measurement 
techniques were proven to have high levels of reliability and validity compared to 
other conventional foot mobility assessment techniques. From the results of the 
study, it was found that the individual anthropometric measurements used to derive 
the FMM had high levels of correlation between static and dynamic measurements. 
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However, the correlation between static and dynamic FMM measurements was 
weak. Two variations of the AHI were compared statically and dynamically and 
higher levels of inter-rater and intra-rater reliabilities were found for the individual 
anthropometric points used to derive the AHI measurements than for the individual 
measurements used to derive the FMM. High levels of correlation were also found 
between the static and dynamic AHI measurements for both versions of the AHI 
indicating that the AHI is a better predictor of foot mobility than the FMM. 
The current clinical measurements of foot mobility are determined from 
static measurements where the subjects adjust their feet from a minimally-weighed 
position (usually at 10% WB) to a maximum weight-bearing position (usually 90% 
WB). The changes in anthropometric locations are used to infer foot mobility. In the 
current study, higher levels of reliability and stronger static correlations with 
dynamic measurements were found during the 50% WB condition (mid-stance). It is 
therefore suggested for the 50% WB condition to be considered in future dynamic 
foot mobility assessments. Overall the subjects included in this study had different 
arch structures and foot lengths therefore the effect these morphological changes on 
the foot mobility based on the Foot Posture Index (FPI) scoring system will be 
investigated in the next chapter.  
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Chapter 6: Relationship between FPI and 
foot mobility 
6.1 Introduction 
The Foot Posture Index (FPI) has in recent years become one of the most useful foot 
posture assessment tools due to its proven high reliability and validity (Cornwall et 
al., 2008; McPoil et al., 2009). The main advantage of the FPI over other foot 
posture assessment techniques is the ability to provide a multi-segment analysis of 
the foot from six different foot components. Nielsen et al. (2010) conducted a study 
to determine whether the multi-segment analysis from the six different foot 
components of the FPI provides a better indication of the dynamic foot behaviour. A 
2D motion tracking system was used to determine the relationship between the 
Navicular Drop (ND) and the FPI scores and from their study; the authors found that 
the ND measurements were only 13.2% correlated to the FPI. The FPI is yet to be 
assessed for reliability against dynamic foot mobility and posture measures based on 
the dorsum as a point of reference. Therefore, this chapter utilises the developed 
dynamic 3D measurement system to determine the relationship between the FPI 
scores with the dynamic Foot Mobility Magnitude and Arch Height Index measures.  
6.2 Methods 
6.2.1 Subjects 
For the comparison of static and dynamic foot posture measurements, 15 male 
participants volunteered to be included in the study after providing a written 
informed consent (Appendix A). The criteria for participant inclusion in the study 
were a minimum age of 18 years and no previous history of lower limb injury, 
disease or deformity. The mean age of the participants was 31.6 ± 6.2 years and the 
mean weight was 84.3 ± 8.5 kilograms. Only the right foot of all the participants was 
measured.  
6.2.2 Foot Posture Index (FPI) classifications 
The standing foot posture was determined through the FPI scoring system which is 
composed of five visual assessments of the foot and a single palpation assessment of 
the talus bone. Each of the component tests were graded 0 for normal foot, a 
minimum score of -2 if the foot is severely supinated (highly arched) and a 
maximum score of +2 for severe pronation (low arched). The six foot posture 
assessment yields collective results that range from -12 to +12. A collective FPI 
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score ranging between 0 and 5 indicates a normally arched foot and anything falling 
outside the normal range is defined as either supinated or pronated (Redmond, 2005). 
The six assessments are: 1) talar head palpation, 2) supra and infra lateral malleolar 
curvature, 3) inversion/eversion of the calcaneus, 4) bulging in the talonavicular 
joint, 5) height and congruence of the Medial Longitudinal Arch and 6) 
abduction/adduction of the forefoot on the rear foot (Redmond, 2005). 
Table 6.1: Individual and collective FPI scoring for the subjects   
Subject Talar 
head 
palpation 
Malleolar 
curves 
Inv/eversion 
calcaneus 
TNJ 
prominance 
Congruence 
of MLA 
Abd/adduction Total Classification 
 
1 +1 +1 +1 +2 +1 0 +6 Pronated 
2 +1 +1 0 +1 0 0 +3 Normal 
3 0 +1 +2 0 0 +1 +4  Normal 
4 -1 -1 -1 0 0 0 -3 Supinated 
5 0 0 0 0 +1 +1 +2 Normal 
6 +1 0 +1 0 +1 +1 +4 Normal 
7 -2 -2 -1 -1 0 -1 -7 Supinated 
8 +2 +1 +1 +2 +2 +1 +9 Pronated 
9 -1 -1 -2 0 -1 -1 -6 Supinated 
10 +2 +1 +1 +2 +1 +2 +9 Pronated 
11 0 +2 +1 0 +1 +1 +5 Normal  
12 +1 0 0 +1 +1 0 +3 Normal  
13 0 0 0 0 +1 +1 +2 Normal  
14 +1 +2 +1 0 0 +1 +5 Normal  
15 -2 -1 -2 -1 -1 -1 -8 Supinated 
 
One examiner with 12 months’ FPI assessment experience conducted the 
tests on all the subjects’ feet. Details of the assessment along with the assessment 
forms are provided in Appendix C. The individual and collective FPI scores for all 
the subjects are listed in Table 6.1.  
6.2.3 Foot markings and data collection 
The right foot of the subjects were marked with retro-reflective markings as 
discussed in Section 5.2.2. These markings allowed for the Foot Mobility Magnitude 
and Arch Height Index to be determined. The developed 3D dynamic data capture 
system was then used to collect the dynamic FMM and AHI as detailed in Section 
5.2.5.  
6.3 Statistical Analysis 
A stepwise multiple regression analysis was applied to test which combinations of 
the FPI components has the highest influence on the dynamic AHI and FMM 
measurements. Spearman’s rank correlation (rs) was used to determine the 
relationship between the individual components of the FPI and the dynamic AHI and 
FMM measurements. Spearman’s rank is calculated using: 
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rs = 1 −
6 ∑ 𝑑2
𝑛 (𝑛2 − 1)
                                                                                   (6.1) 
Where, d is the difference between ranks, and  
n is the sample size. 
 An ANOVA test with a Bonferroni post hoc correction was used to 
determine the relationship between the individual FPI foot classification groups and 
the AHI and FMM during the different dynamic weight-bearing conditions during 
gait. The level of significance was set to p < 0.05 for all statistical analyses which 
were calculated in SPSS version 21. 
6.4 Results 
6.4.1 Relationship between FPI scores and dynamic FMM and AHI 
measurements  
Figures 6.1 to 6.4 show the individual FPI group classifications for the dynamic AHI 
1, AHI 2 and FMM during heel strike, mid-stance and active propulsion. An increase 
in the dynamic measurements was observed from the pronated to the supinated group 
for both the AHI 1 and the AHI 2 measurements. The FMM measurements showed 
similar variations for all the FPI groups. At heel strike, the range of the AHI 
measurements is shown to be higher for the pronated group for AHI 2 than AHI 1, 
whereas the normal and supinated groups depicted similar ranges and variations for 
both the AHI 1 and AHI 2 measurements. 
The pronated group showed the least amount of data variation in the mid-
stance and active propulsion loading conditions. In contrast, the normally arched 
group showed the least amount of measurement variation in the AHI 1 and AHI 2 
measurements across all the loading conditions.  
 
 Figure 6.1: FPI group classifications and relationships with AHI 1 (left) 
and AHI 2 (right) during heel-strike.  
 Chapter 6                                                                                                                  88 
 
 
Figure 6.2: FPI group classifications and relationships with AHI 1 (left) 
and AHI 2 (right) during mid-stance. 
  
Figure 6.3: FPI group classifications and relationships with AHI 1 (left) 
and AHI 2 (right) during active-propulsion. 
As illustrated in 6.4, no significant differences were found between the 
FMM and the FPI groups at heel strike to mid-stance. For the heel strike to active 
propulsion, both the pronated and supinated groups showed an increase in the range 
of data whereas the normal group measurements were relatively similar to the FMM 
measurements from heel strike to mid-stance.  
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Figure 6.4:.FPI group classifications and relationships with FMM at 
heel-strike to mid-stance (left) and heel-strike to active-propulsion 
(right). 
Results of the ANOVA significance tests for the relationship between the 
collective FPI scores and the dynamic AHI 1 and AHI 2 measurements at all three 
dynamic weight-bearing conditions are listed in Table 6.2 and 6.3.  
Table 6.2: Relationship between FPI scores and AHI 1  
 Coefficient of 
determination (r2) 
f-value p-value 
FPI vs. AHI 1 at heel-strike 0.315 5.970 0.030* 
FPI vs. AHI 1 at mid-stance 0.408 8.970 0.010* 
FPI vs AHI 1 at active propulsion 0.489 12.465 0.004* 
* Significant at the 0.05 level.  
Table 6.3: Relationship between FPI scores and AHI 2  
 Coefficient of 
determination (r2) 
f-value p-value 
FPI vs. AHI 2 at heel-strike 0.285 5.180 0.040* 
FPI vs. AHI 2 at mid-stance 0.337 6.610 0.023* 
FPI vs AHI 2 at active propulsion 0.358 7.250 0.018* 
* Significant at the 0.05 level.  
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As shown in Tables 6.2 and 6.3, the collective FPI scores were found to be 
significantly related to the dynamic AHI 1 and AHI 2 measurements at heel-strike, 
mid-stance and active-propulsion (p < 0.05). However, no significant relationships 
were found for any of the comparisons between the FPI and the dynamic FMM and 
are hence not included in the results. The coefficient of determination results reveal 
that the highest FPI prediction is for the AHI 1 measurements at active propulsion 
(48.9%) and the lowest is for the AHI 2 measurements at heel strike (28.5%). This 
means that the FPI predicted 48.9% of the variation of AHI 1 at active prolusion.  
To determine which of the six FPI components had the highest significance 
level to the dynamic AHI 1 and AHI 2 measures, the Spearman’s rank tests were 
used (Tables 6.4, 6.5 and 6.6). From the results, it was identified that the only 
component of the FPI to be significantly related to all the dynamic measurements of 
the AHI 1 and the AHI 2 was the congruence of the MLA (p < 0.05). The remaining 
components of the FPI were not found to have any significant influence on the 
dynamic AHI 1, AHI 2 and FMM results as shown by the Spearman’s rank test 
results in Tables 6.4, 6.5 and 6.6 for the AHI 1, AHI 2 and FMM respectively. 
Table 6.4: Relationships between the individual components of the FPI and the AHI 
1 
FPI component Spearman’s rank AHI 1 at heel 
strike 
AHI 1 at mid 
stance 
AHI 1 at 
active 
propulsion 
Talar head 
palpation 
rs 0.341 0.291 0.422 
p-value 0.214 0.293 0.118 
Malleolar 
curvature 
rs 0.315 0.229 0.465 
p-value 0.252 0.412 0.081 
Inversion/ 
Eversion 
rs 0.343 0.257 0.448 
p-value 0.210 0.354 0.094 
TNJ Prominance rs 0.322 0.409 0.497 
p-value 0.242 0.130 0.059 
Congruence of 
MLA 
rs 0.831* 0.713* 0.704* 
p-value 0.000 0.003 0.003 
Abd/Adduction rs 0.563 0.365 0.435 
p-value 0.290 0.181 0.105 
** Correlation significant at the 0.05 level  
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Table 6.5: Relationships between the individual components of the FPI and the AHI 
2 
FPI component Spearman’s rank AHI 2 at heel 
strike 
AHI 2 at mid 
stance 
AHI 2 at 
active 
propulsion 
Talar head 
palpation 
rs 0.293 0.311 0.355 
p-value 0.290 0.259 0.194 
Malleolar 
curvature 
rs 0.339 0.301 0.498 
p-value 0.216 0.276 0.059 
Inversion/ 
Eversion 
rs 0.299 0.299 0.422 
p-value 0.280 0.280 0.117 
TNJ Prominance rs 0.302 0.390 0.439 
p-value 0.274 0.151 0.102 
Congruence of 
MLA 
rs 0.758* 0.731* 0.669* 
p-value 0.001 0.002 0.006 
Abd/Adduction rs 0.493 0.342 0.412 
p-value 0.062 0.213 0.127 
** Correlation significant at the 0.05 level  
Table 6.6: Relationships between the individual components of the FPI and the 
FMM 
FPI component Spearman’s rank FMM at heel strike to 
mid stance 
FMM at mid stance 
to active propulsion  
Talar head palpation rs 0.083 0.326 
p-value 0.769 0.236 
Malleolar curvature rs 0.157 0.258 
p-value 0.577 0.353 
Inversion/ Eversion rs 0.114 0.209 
p-value 0.686 0.455 
TNJ Prominance rs 0.224 0.068 
p-value 0.422 0.809 
Congruence of MLA rs 0.385 0.283 
p-value 0.157 0.307 
Abd/Adduction rs 0.424 0.344 
p-value 0.115 0.210 
 
The highest correlation from the Spearman’s correlation test was found to 
be the congruence of the MLA for AHI 1 at heel strike (0.831). The congruence of 
the MLA correlations were higher for the AHI 1 measurements across all the 
dynamic loading conditions and were also the highest for the heel strike condition 
for both AHI 1 and AHI 2. The lowest correlations for AHI 1 and AHI 2 were for the 
active propulsion measurements. None of the FPI components were found to be 
significantly correlated to any of the FMM measurements as shown in Table 6.6. 
This relationship between the congruence of the MLA and the AHI 1 and 
AHI 2 is shown in Tables 6.7 and 6.8 with the highest level of significance found 
between the congruence and the AHI 1 at heel strike (0.667). This indicates that the 
congruence of the MLA predicted 66.7% of the variation in the AHI 1 at heel strike, 
53.7% at mid-stance and 51.1% at active propulsion. The level of prediction was 
lower for the congruence of the MLA for the AHI 2 measurements with the highest 
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prediction at heel strike (59.7%) and the lowest for the active propulsion dynamic 
loading (39.1%). 
Table 6.7: Relationship of Congruence at MLA with AHI 1 
 Coefficient of 
determination 
(r2) 
f-value p-value 
Congruence vs. AHI 1 at heel-strike 0.667 26.064 0.000* 
Congruence vs. AHI 1 at mid-stance 0.537 15.083 0.002* 
Congruence vs. AHI 1 at active 
propulsion 
0.511 13.560 0.003* 
* Significant at the 0.05 level.  
Table 6.8: Relationship of Congruence at MLA with AHI 2 
 Coefficient of 
determination 
(r2) 
f-value p-value 
Congruence vs. AHI 2 at heel-strike 0.597 19.265 0.001* 
Congruence vs. AHI 2 at mid-stance 0.406 10.570 0.006* 
Congruence vs. AHI 2 at active 
propulsion 
0.391 8.356 0.010* 
* Significant at the 0.05 level. 
The within-group and between-group ANOVA results for the level of 
significance between the FPI groups for the AHI 1, AHI 2 for heel-strike, mid-stance 
and active propulsion are listed in Tables 6.9 to 6.14.  
Table 6.9: Within group and between group ANOVA for the relationship between 
FPI and dynamic AHI 1 at heel strike.  
 
  
FPI FPI Within group 
ANOVA 
Between group 
ANOVA 
p-value 
AHI 1 Pronated Normal 0.118 F value 
3.162 
p-value  
0.053  Normal Supinated 1.00 
 Supinated Pronated 0.063 
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Table 6.10: Within group and between group ANOVA for the relationship between 
FPI and dynamic AHI 1 at mid-stance.  
 FPI FPI Within group 
ANOVA 
Between group 
ANOVA 
p-value 
AHI 1 Pronated Normal 1.00 F value 
3.651* 
p-value   
0.035  Normal Supinated 0.104 
 Supinated Pronated 0.048* 
* Correlation significant at the 0.05 level  
Table 6.11: Within group and between group ANOVA for the relationship between 
FPI and dynamic AHI 1 at active propulsion.  
 FPI FPI Within group 
ANOVA 
Between group 
ANOVA 
p-value 
AHI 1 Pronated Normal    0.000* F value 
21.257* 
p-value  
0.000  Normal Supinated 0.034* 
 Supinated Pronated    0.000* 
* Correlation significant at the 0.05 level  
Table 6.12: Within group and between group ANOVA for the relationship between 
FPI and dynamic AHI 2 at heel strike.  
 FPI FPI Within group 
ANOVA 
Between group 
ANOVA 
p-value 
AHI 2 Pronated Normal             0.160 F value 
8.296* 
p-value  
0.001  Normal Supinated             0.024* 
 Supinated Pronated             0.001* 
** Correlation significant at the 0.05 level 
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Table 6.13: Within group and between group ANOVA for the relationship between 
FPI and dynamic AHI 2 at mid-stance.  
 FPI FPI Within group 
ANOVA 
Between group 
ANOVA 
p-value 
AHI 2 Pronated Normal    0.000* F value 
12.911* 
p-value  
0.000  Normal Supinated 0.424 
 Supinated Pronated     0.000* 
* Correlation significant at the 0.05 level  
Table 6.14: Within group and between group ANOVA for the relationship between 
FPI and dynamic AHI 2 at active propulsion.  
 FPI FPI Within group 
ANOVA 
Between group 
ANOVA 
p-value 
AHI 2 Pronated Normal     0.001* F value 
13.394* 
p-value  
0.000  Normal Supinated 0.186 
 Supinated Pronated    0.000* 
* Correlation significant at the 0.05 level 
From the between-group ANOVA results, significance differences were 
found between the FPI groups and the dynamic AHI 2 measurements at all three 
dynamic loading conditions (p < 0.05). For the dynamic AHI 1 measurements, 
significant differences were found between the FPI groups at mid-stance and active-
prolusion but not at heel-strike. For the dynamic FMM measurements, significant 
differences were found between the FPI groups and the FMM calculated between 
mid-stance and active prolusion (f = 8.778, p = 0.001) but not between heel-strike 
and active propulsion (f = 1.445, p = 0.247).  
Table 6.15: Within group and between group ANOVA for the relationship between 
FPI and dynamic FMM at heel strike to mid-stance. 
 FPI FPI Within group 
ANOVA 
Between group 
ANOVA 
p-value 
FMM Pronated Normal    0.001* F value 
8.778* 
p-value  
0.001  Normal Supinated 0.019* 
 Supinated Pronated 0.263 
* Correlation significant at the 0.05 level  
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Table 6.16: Within group and between group ANOVA for the relationship between 
FPI and dynamic FMM at heel strike to active propulsion. 
 FPI FPI Within group 
ANOVA 
Between group 
ANOVA 
p-value 
FMM Pronated Normal 0.830 F value 
1.445 
p-value  
0.247  Normal Supinated 0.365 
 Supinated Pronated 1.00 
For the within-group ANOVA results of the dynamic AHI 1, none of the 
three FPI groups were significantly different from each other at heel strike. The only 
group significant difference was found between the supinated and pronated group at 
mid-stance (p = 0.048). However all the groups were significantly different at active-
propulsion. In contrast, for the AHI 2 measurements, the only group found to not be 
significantly different for the FPI groups was between the pronated and normal 
groups (sig. = 0.160) for heel strike, between the normal and supinated group (sig. = 
0.424) at mid-stance and between the normal and supinated group (sig. = 0.186) for 
active propulsion.  
For the dynamic FMM measurements between heel-strike and mid-stance, 
the only within group significant differences were found between the pronated and 
the normal group (p = 0.001) and between the supinated and normal group (p = 
0.019). No significant differences were found between any of the three FPI groups 
and the dynamic FMM measurements calculated between heel-strike and active 
propulsion. 
6.5 Discussion  
From the FPI-6 scores, the subject’s feet were classified into one of three groups 
namely; pronated, supinated or normally arched. The level of significance between 
each of the FPI classification groups and the dynamic AHI and FMM measurements 
as determined by ANOVA tests showed that all the dynamic measurements were 
significantly related except for the AHI 1 at heel strike (F= 3.162, P = 0.053). 
Significant levels were also evident for the FMM measurements between heel strike 
and active propulsion (F= 1.445, P = 0.247). The box and whisker plots (Figure 6.4) 
show the extent of the significance of the measurements were very small variations 
seen across the three classification groups for the dynamic FMM measurements. This 
indicates that the measurements of foot posture based on the dorsum of the foot as a 
point of reference during dynamic loading provide good agreement with the FPI 
which is a useful multi-segment assessment tool. Using the dorsum for 
measurements of the foot posture provides higher levels of validity, reliability 
(Williams and McClay, 2000) and accuracy (Nielsen et al., 2010) than measuring the 
navicular bone which is currently the most common foot posture measurement 
technique. Hence, the levels of significance between the FPI score groups and the 
dorsum-based measurements will provide an accurate assessment tool for identifying 
differences based on FPI grouping. 
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 From the significance results between the three FPI groups, it was found 
that the AHI 2 might provide better levels of significance between the three FPI 
groups than the AHI 1 measurements based on the between group ANOVA results. 
For the FMM measurements, significant differences between the FPI scoring groups 
were only identified between heel strike and mid-stance. Hence it can also be 
assumed that this difference in loading provides a better predictor of the differences 
in the dynamic foot mobility for the three different foot classification groups.  
From the stepwise multiple regression analysis and the ANOVA for 
determination of the levels of significance between the combined FPI scores with the 
dynamic measurements, no significant levels were found between the FPI scores and 
the FMM measurements. Significant relationships were however found for both AHI 
1 and AHI 2 at all dynamic loading conditions. The highest FPI predictions were for 
AHI 1 and AHI 2 at active propulsion where the FPI predicted 48.9% (F = 12.465, P 
= 0.004) of the variation for AHI 1 and 35.8% (F = 7.250, P = 0.018) of the variation 
for AHI 2. Previous studies only assessed the variations between dynamic 
measurements at mid-stance loading during dynamic gait. For instance, Redmond et 
al. (2006a) found the FPI predicted 41% of the dynamic variation of mid-stance 
based on measurements of the rear-foot angle. Nielsen et al. (2010) found the FPI 
predicted 45% prediction of the mid-stance navicular measurements. The results of 
the current study were similar to the results obtained by Nielsen et al. (2010) and 
Redmond et al.(2006a) where mid-stance FPI predicted 40.8% (F = 8.970, P = 
0.010) of the variation for the AHI 1 measurements and 33.7% (F = 6.610, P = 
0.023) of the variation for AHI 2. From these results, it is suggested that the use of 
active propulsion during dynamic loading instead of the mid-stance might provide a 
better prediction for FPI.  
From the multiple regression and Spearman’s rank correlation analyses it 
was also found that congruence of the MLA was the only component of the MLA 
that was significantly correlated with the dynamic AHI measurements. The highest 
congruence of the MLA predictions were observed at heel strike and the highest 
prediction of 66.7% was observed for AHI 1 (F = 26.064, P < 0.001). The reason for 
this high prediction level is due to the fact that the congruence of the MLA is the 
only FPI component which measures the sagittal plane foot posture (Redmond et al., 
2006a). As there was no significant correlation between the FPI scores and the 
dynamic FMM measurements, a possible explanation might be that the dynamic 
FMM quantifies different foot characteristics to those quantified by the FPI. Hence, 
it is concluded that the FPI is not correlated with the dynamic FMM. This supports 
the statements of Cashmere et al. (1999) and Razeghi and Batt (2002) who stated 
that the static foot posture measurements do not measure the same qualities of foot 
mobility. From the results of this study, it was identified that in order to relate the 
FPI scoring system to foot mobility and posture, the measurements of foot posture 
and mobility need to be conducted dynamically.  
6.6 Conclusion 
Different foot classifications obtained from the Foot Posture Index (FPI) technique 
with the AHI and FMM at different dynamic foot loading conditions, namely heel-
strike, mid-stance and active propulsion were compared and reported in this chapter. 
 Chapter 6                                                                                                                  97 
 
Through the study, it was found that foot posture measurements based on the dorsum 
of the foot as a point of reference during dynamic loading provides a good level of 
agreement with the FPI scores. The AHI 2; which measures the ratio of the foot 
length to the truncated foot length was found to be better correlated with the FPI than 
the AHI 1 measurements. Conversely, FMM did not show any significant levels of 
association with the FPI. The highest FPI predictions were found at active propulsion 
compared to mid-stance and heel-strike for the dynamic AHI 1 and AHI 2 
measurements. It is therefore concluded that the assessment of foot mobility at active 
propulsion provides a better indicator of the FPI assessment technique. 
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Chapter 7: Conclusions  
A brief discussion of the research significance and outcomes and the original 
contribution achieved from this study is presented in this chapter. The research 
limitations are finally outlined and suggestions for future improvements and areas of 
applications are highlighted.  
7.1 Significance of the research project  
A number of techniques have been suggested for the 3D measurement of the foot 
dynamically. Most of these techniques have shortcomings that restrict their 
implementation for dynamic foot analysis. The development of a suitable 
measurement technique for dynamic foot assessments that allow for incorporating 
ground reaction force information to a high level of measurement accuracy has been 
developed as part of this thesis. Close-range Photogrammetry was the technique 
proposed for developing the 3D measurement system due its high accuracy and 
ability to measure dynamic objects.  
7.2 General conclusions  
The factors influencing the design and development of the 3D photogrammetric 
dynamic data capture system were investigated in Chapter 3. The design 
requirements such as the number and type of imaging sensors, the geometry of the 
sensors and the distribution of project control were optimised. Twelve HD JVC 
Everio GZ-500 camcorders were used to image the dynamic foot from the medial, 
lateral, posterior and anterior sides. To synchronise the ground reaction force 
information acting on the foot during gait, an elevated platform was custom-built 
with a force plate installed in its centre. The camcorders and the force plate were 
synchronised using a gen-lock system.  
The accuracy capability of the camcorders was tested through individual 
camcorder calibrations. A range of convergent images ranging between 6 and 12 
were used in the calibration to determine the effect of increasing the number of 
convergent images on the 3D RMS of control targets and the findings were as 
follows:  
 A minimum of eight images are necessary to meet the 3D RMS tolerance of 
0.05 mm specified for the project.  
 
 12 images were required to stabilise the 3D RMS across the camcorders.  
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 Increasing the number of images reduced the discrepancies in the 3D RMS 
between the camcorders.  
To assess the stability of the camcorder lenses over a period of time, two 
calibration sessions, one month apart were conducted for all 12 camcorders. Small 
changes in the calibration parameters were found between the two calibration days. 
The effect of the small discrepancies on the measurement accuracies were however 
insignificant; yielding measurement discrepancies less than 0.07 mm between the 
two calibration sessions.   
In the clinical setting, conventional caliper measurements of subjects’ feet 
are collected and are used to infer dynamic foot mobility. The accuracy of manual 
caliper measurements was investigated in Chapter 4 by comparing the manual 
measurements to the ‘gold standard’ convergent mannequin measurements. The 
effect of changing the weight-bearing applied on the foot on the measurement 
accuracy was also investigated. The findings from this chapter were as follows:  
 The highest discrepancy between the two testers for measuring the 
mannequin foot was 0.88 mm. The discrepancies between the two testers in 
conducting the same measurements were not statistically significant.  
 
  Strong measurement correlations were found between the ‘gold standard 
convergent measurements and the caliper measurements collected by the two 
testers for the mannequin distances. The Pearson’s correlation (r) range was 
between 0.78 and 0.99.  
 
 A strong measurement correlation was also found between the two testers’ 
caliper measurements and the developed photogrammetric dynamic data 
capture system’s measurements. The Pearson’s correlation (r) range was 
between 0.81 and 0.99.   
 
 When the two testers’ measurements were compared at 10%, 50% and 90% 
WB for human subjects’ foot measurements, the lowest measurement 
discrepancies were found for the 50% WB condition. Unlike the 10% and 
90% WB conditions, none of the measurements at 50% WB had a 
measurement difference of more than 1 mm between the two testers.  
 
 Strong measurement correlations were found between the human subjects’ 
foot measurements and the dynamic measurements collected using the 
developed dynamic data capture system for the FL, TFL, DH and FW. The 
NH was the only measurement not found to be significantly correlated 
between the conventional static measurements and the dynamic 
measurements at 10% WB, 50% WB and 90% WB.   
The relationship between the static and dynamic measurements of the FMM 
and AHI were investigated in Chapter 5 and the significant findings were:  
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 The intraclass correlation coefficient (ICC) for the intra-rater reliability was 
higher when the FMM was calculated between 10% WB and 50% WB 
compared to calculating the FMM between 10% WB and 90% WB.  
 
 The correlations between the static and dynamic FMM were found to be very 
poor with a Pearson’s correlation range between 0.020 and 0.116. Hence the 
findings suggest that the static FMM does not represent foot mobility 
dynamically.  
 
 The dynamic AHI 1 (DH/TFL) and AHI 2 (DH/FL) resulted in higher intra-
rater reliability than the static AHI 1 and AHI 2.  
 
 Intra-rater reliabilities for the dynamic AHI 1 and AHI 2 were higher for the 
50% WB condition than 10% WB and 90% WB.  
 
 Agreements between the static and dynamic AHI 2 were lower than AHI 1. 
The range in inter-rater reliability for AHI 2 was between 0.766 and 0.931. In 
contrast, the inter-rater range for AHI 1 was between 0.879 and 0.947.  
 
 The correlation between the static and dynamic AHI 1 and AHI 2 were 
statistically significant as determined by Pearson’s correlations tests. The 
highest Pearson’s correlations were for the 50% WB condition and were 
slightly higher for AHI 1 then AHI 2.  
 The effect of foot posture type based on the Foot Posture Index (FPI) 
classification on the dynamic FMM and AHI was investigated in Chapter 6. The 
significant findings from the study were:  
 No relationship was found between the collective FPI score and the dynamic 
FMM measures. 
 
 Both the AHI 1 and AHI 2 were correlated with the FPI scores at heel-strike, 
mid-stance and active propulsion. The highest prediction of the FPI was 
48.9% of the variation of the AHI 1 at active prolusion.  
 
 The congruence of the MLA was the only FPI score to have a significant 
influence on the AHI 1 and AHI 2 at heel-strike, mid-stance and active 
propulsion. The highest level of significance was between the congruence of 
the MLA and the AHI 1 at heel-strike where the congruence predicted 66.7% 
of the variation in the AHI 1 at heel-strike.  
 
 The relationship between the three FPI foot classification groups and the 
dynamic AHI 1 and AHI 2 were found to be significant for all the dynamic 
weight-bearing conditions except for the AHI 1 at heel-strike.  
 
 The relationship between the three FPI foot classification groups and the 
dynamic FMM were found to be significant between heel-strike to mid-
stance but not significant between heel-strike and active-propulsion. 
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7.3 Limitations of the study and future directions 
Overall the results achieved from this research study demonstrated the effectiveness 
of using photogrammetric techniques for high accuracy metric analysis of the foot 
during dynamic activities. However, the following points can to be addressed in 
future studies:  
 The imaging sensors used in this study have low frame rates which limit their 
capability to studying slower paced dynamic objects. Imaging sensors with 
higher frame rates can improve the capability of analysing dynamic feet 
during faster activities such as running or jumping.  
 
 Developing the technique to allow for complete high-accuracy dynamic 3D 
models of the foot to be created during dynamic gait. These 3D models will 
have the potential to lend important insight for the interaction of the foot with 
the ground surface during gait.   
 
 Additional imaging sensors can be used to capture details of the interactions 
of the sole of the foot with the ground surface during gait. This can be useful 
for applications of designing and manufacturing foot orthotics and footwear. 
Other applications can include detailed studies on foot deformities.   
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Appendix A 
Participant Information Sheet 
 
Ethics approval number: H12REA041 
To: Participants 
Full Project Title: A 3D Image-based Measurement Approach for Analysing 
Dynamic Foot Posture and Mobility 
Principal Researcher: Dr. Albert Chong 
Student Researcher: Ms. Duaa Alshadli  
 
I am a PhD student at the Faculty of Engineering and Surveying at the University of 
Southern Queensland and my research interests are in the field of 3D modelling 
which can be used to obtain high level accuracy measurements (less than 0.5 mm). 
Through my PhD, I aim to apply my knowledge in the field of Spatial Science to 
help identify problems associated with inconsistencies between researchers when 
they determine the changes in foot posture during gait based on the structure of the 
Medial Longitudinal Arch of the foot. I identified a gap in the research in this area 
and I believe that through my research I will be able to accurately predict the 
behaviour of the Medial Longitudinal Arch. This has the potential for the 
identification of any inconsistencies in the current clinical techniques used by 
medical practitioners and can bring researchers closer to identifying foot injuries and 
designing appropriate foot orthoses.  I would therefore like to invite you to take part 
in this research project. 
You are invited to participate in this research project because I believe that 
this research will be beneficial for the medical community in a way that can help 
them improve current foot posture assessment techniques. The participants in this 
The University of Southern Queensland  
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study are fellow postgraduate students from the Faculty of Engineering and 
Surveying at USQ.  
Please read this Plain Language Statement carefully. Its purpose is to 
explain to you as openly and clearly as possible all the procedures involved so that 
you can make a fully informed decision as to whether you are going to participate. 
Feel free to ask questions about any information in the document.  You may also 
wish to discuss the project with a relative or friend or your local health worker. Feel 
free to do this. 
Once you understand what the project is about and if you agree to take part 
in it, it is asked that you sign the Consent Form. By signing the Consent Form, you 
indicate that you understand the information and that you give your consent to 
participate in the research project. 
 Purpose of Research 
 
The purpose of this project is to develop a non-invasive technique which will allow 
for the shape of the Medial Longitudinal Arch of the foot to be mapped during gait. 
The Medial Longitudinal Arch of the foot is the largest arch that can be viewed from 
the lateral side of the foot and it is the best predictor of the behaviour of the foot. The 
research will be conducted as part of a PhD degree.  
There are currently many clinical techniques that aim to predict the dynamic 
behaviour of the Medial Longitudinal Arch during gait based on static measurements 
which do not provide an accurate assessment of the Medial Longitudinal Arch during 
gait. The most common techniques are the Navicular drop and drift (Williams and 
McClay, 2000; McPoil et al., 2008a) and the Foot Posture Index (Redmond et al., 
2006b). However, many studies were conducted to identify the reliability of such 
static techniques for the prediction of the dynamic behaviour of the foot and the 
results were found to be varied and sometimes with poor reliability (McPoil et al., 
2009). Therefore the technique proposed for this research is to be able to identify the 
direct behaviour of the foot arch during gait and determine the reliability of this 
developed technique and compare the results with the previous studies of the 
Navicular drop, the Navicular Drift and the Foot Posture Index. 
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 Procedures 
 
The research will be conducted at the Photogrammetry lab which is located on the 
ground floor in the S block at USQ. Each participant will be asked to walk barefoot 
on an elevated platform while six video cameras will be setup around the platform to 
image the only one foot for each participant while he/she walks 2 metres across the 
platform at his/her own pace. The video cameras will only record the movement of 
the foot during the 2 metre walk.  
The Platform has been designed and constructed at the USQ workshop. To 
climb the platform, each participant will climb 4 steps while holding on to the hand 
railings on either side of the steps. The top of the platform has safety railings running 
through the entire length which each participant needs to grip while walking on the 
platform.  
Each video session is estimated to take 10 seconds and the video session 
will be repeated three times for each participant. The researchers will not be 
recording any information about each patient other than the foot size and gender as 
these two parameters will influence the measurement accuracy.  
All the researchers involved in this study will be available during the study 
to provide assistance and answer any participant questions if they arise.  
The participants will be a part of a novel study and if they wish to have any follows 
ups on the final results of the study, they can contact the researchers. To the best of 
our knowledge the risks are minimal as the technique is non-invasive. As the 
participants will be walking barefoot during the study, the platform will be cleaned 
properly to ensure that the surface is clean for the participants on not cause any risks 
of injury from small debris. There is minimal risk of injury from falling from the 
platform due to the design of the safety railings.  
 Confidentiality 
 
The raw videos recorded for each participant will be immediately downloaded and 
stored on a folder labelled with the foot size and gender of each participant. These 
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folders will be stored in a password protected research computer at the Faculty of 
Engineering and Surveying and access will not be granted to anyone other than the 
researchers involved in this study. The data will be stored until the PhD researchers 
finalises their PhD and this is estimated to be in December 2013.   
Any information obtained in connection with this project and that can identify you 
will remain confidential. It will only be disclosed with your permission, subject to 
legal requirements. If you give us your permission by signing the Consent Form, we 
plan to publish the results at journals with interest in foot research.  
In any publication, information will be provided in such a way that you 
cannot be identified. Personal information such as names or images that can lead to 
the identification of the participant will not be included. If sample images are used, it 
will only be for the part of the foot focussing on the Medial Longitudinal Arch. Any 
images with scars or tattoos will not be used. Information regarding gender and foot 
size of participants may be published but again this will not be in a way which 
allows for individuals to be identified. We cannot guarantee group discussions 
between participants but we can ask for each participant to maintain the 
confidentiality of others.  
 Voluntary Participation 
Participation is entirely voluntary. If you do not wish to take part you are not obliged 
to. If you decide to take part and later change your mind, you are free to withdraw 
from the project at any stage.  Any information already obtained from you will be 
destroyed.  
Your decision whether to take part or not to take part, or to take part and then 
withdraw, will not affect your relationship with the University of Southern 
Queensland.  
Before you make your decision, a member of the research team will be available to 
answer any questions you have about the research project. You can ask for any 
information you want.  Sign the Consent Form only after you have had a chance to 
ask your questions and have received satisfactory answers. 
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 Queries or Concerns 
 
Should you have any queries regarding the progress or conduct of this research, you 
can contact the principal researcher: 
Dr. Albert Chong 
Faculty of Engineering and Surveying 
Room Z412  
University of Southern Queensland  
Tel (+61) 7 4631 2546 
Mobile: 0420534762 
 
If you have any ethical concerns with how the research is being conducted or any 
queries about your rights as a participant please feel free to contact the University of 
Southern Queensland Ethics Officer on the following details: 
Ethics and Research Integrity Officer 
Office of Research and Higher Degrees 
University of Southern Queensland 
West Street, Toowoomba 4350 
Ph: +61 7 4631 2690 
Email: ethics@usq.edu.au 
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The University of Southern Queensland  
 
Consent Form 
 
 
To: Participants 
Full Project Title: A 3D Image-based Measurement Approach for Analysing 
Dynamic Foot Posture and Mobility 
Principal Researcher: Dr. Albert Chong 
Student Researcher: Ms. Duaa Alshadli 
 
 I have read the Participant Information Sheet and the nature and purpose of 
the research project has been explained to me. I understand and agree to take 
part. 
 I understand the purpose of the research project and my involvement in it. 
 I understand that I may withdraw from the research project at any stage and that 
this will not affect my status now or in the future. 
 I confirm that I am over 18 years of age.  
 I understand that while information gained during the study may be 
published, I will not be identified and my personal results will remain 
confidential.  
 I understand that the video footage recorded of my foot during the research will 
be stored in a password protected computer at the University of Southern 
Queensland and access will only be granted to the researchers involved in the 
study.  
 I understand that only my foot will be videotaped during the study.   
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Name of 
participant………………………………………………………………....... 
 
 
Signed…………………………………………………….Date………………………
. 
 
If you have any ethical concerns with how the research is being conducted or any 
queries about your rights as a participant please feel free to contact the University of 
Southern Queensland Ethics Officer on the following details: 
Ethics and Research Integrity Officer 
Office of Research and Higher Degrees 
University of Southern Queensland 
West Street, Toowoomba 4350 
Ph: +61 7 4631 2690 
Email: ethics@usq.edu.au 
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Appendix B 
Mean differences in the seven mannequin distances between the conventional 
caliper measurements and the developed dynamic data capture system 
measurements. 
 
 
The seven distances are shown in the figure above and are summarised in Table B.1 
for the measurements collected by Tester 1, Tester 2 and the developed dynamic data 
capture system measurements.  
Table B.1: Mean mannequin distance measurements from the conventional caliper 
and developed dynamic system  
Distances Tester 1 (mm) Tester 2 (mm) Dynamic system 
measurements (mm) 
A-B 56.68 56.31 55.43 
C-D 51.31 51.52 50.10 
A-E 62.31 62.66 62.97 
B-E 54.87 55.52 55.10 
C-E 48.76 48.91 48.58 
D-E 44.55 44.24 43.46 
F-G 52.69 52.26 52.03 
 
The mean mannequin measurement differences between the conventional caliper 
measurements and the developed dynamic data capture measurements are provided 
in Table B.2.  
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Table B.2: Mean mannequin measurement differences between the conventional 
caliper measurements form each tester and the developed dynamic data capture 
system 
Distances Dynamic – Tester 1 (mm) Dynamic – Tester 2 (mm) 
A-B 0.37 1.25 
C-D 0.21 1.21 
A-E 0.35 0.66 
B-E 0.65 0.23 
C-E 0.15 0.18 
D-E 0.31 1.09 
F-G 0.43 0.66 
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Appendix C 
Summary of the FPI assessment test from Redmond (2005) 
The Foot Posture Index (FPI) consisted of the six tests demonstrated as follows:  
1. Talar head palpation  
This is the only test out of the six other scoring criteria which relies on palpation. 
The head of the Talus bone is palpated on the medial and the lateral side of the 
anterior aspect of the ankle as shown in the figure below: 
 
The scoring criterion for the different foot classifications is provided as follows: 
Score -2 -1 0 1 2 
 Talar head 
palpable on 
lateral side but 
not on medial 
side 
Talar head 
palpable on 
lateral side 
and slightly 
on the medial 
side 
Talar head 
equally 
palpable on 
lateral and 
medial side 
Talar head 
slightly 
palpable on 
lateral side 
and medial 
side 
Talar head not 
palpable on 
lateral side but 
palpable on 
medial side 
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2. . Supra and infra lateral Malleolar curvature 
For this visual assessment, the Malleolar curvature is inspected from the posterior 
side of the foot. If the curve below the Malleolus is concave, the foot is classified as 
pronated and if it is either straight or convex, it is a supinated foot. If the curves are 
approximately equal the foot is classified as normal.  
 
 
The scoring criterion for the different foot classifications is provides as follows: 
Score -2 -1 0 1 2 
 Curve below 
the malleolus 
either straight 
or convex 
Curve below 
the malleolus 
is concave but 
flatter than the 
curve above 
the malleolus 
Both infra and 
supra 
Malleolar 
curves are 
roughly equal 
Curve below 
the malleolus 
is concave 
Curve below 
the malleolus 
is severely 
concave 
 
 
3. Inversion/ eversion of the calcaneus 
This is a visual assessment of the angular position of the posterior part of the 
calcaneus. Only a visual estimate is required with a supinated foot having more than 
five degrees inversion while the pronated foot while have an eversion of more than 
five degrees. A normal foot will have an approximately vertical calcaneus. 
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The scoring criterion for the different foot classifications is provides as follows: 
Score -2 -1 0 1 2 
 More than 
five degree 
inversion  
Between 
vertical and 
five degree 
eversion 
Vertical  Between 
vertical and 
five degree 
eversion 
More than 
five degree 
eversion 
 
 
4.  Bulking of the Talonavicular  
If the area of skin around the Talonavicular is bulging, the foot is pronated and if it is 
concave it is supinated. A normal foot will have a flat area around the Talonavicular.  
 
 
The scoring criterion for the different foot classifications is provides as follows: 
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Score -2 -1 0 1 2 
 Severely 
concave area 
around the 
Talonavicular  
Slightly 
concave area 
around the 
Talonavicular 
Flat area 
around the 
Talonavicular 
Slight bulge 
around the 
Talonavicular 
Severe 
bulging on the 
area around 
the 
Talonavicular 
 
 
5. Height of the congruence of the MLA  
 
This visual assessment is for the shape of the Medial Longitudinal Arch (MLA) 
shape. The MLA shape is acute for a supinated foot and flattened for a pronated foot. 
A normal foot will have a uniform arch shape.  
 
   
The scoring criterion for the different foot classifications is provides as follows: 
Score -2 -1 0 1 2 
 High arch 
shape  
Moderately 
high arch 
shape 
Normal arch 
height  
Flattened arch Severely 
flattened arch 
 
 
6. Abduction/adduction of the forefoot on the rear foot 
 
If the foot is viewed from behind and the forefoot is more prominent on the medial 
side, the foot is supinated. If the forefoot is angled towards the lateral side then the 
foot is pronated. A neutral foot will show the forefoot to be equal on the medial and 
the lateral sides. 
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The scoring criterion for the different foot classifications is provides as follows: 
Score -2 -1 0 1 2 
 Forefoot 
visible on the 
medial side 
only  
Forefoot more 
visible on the 
medial side 
than the 
lateral side 
Forefoot 
equally visible 
on the medial 
and lateral 
sides  
Forefoot more 
visible on the 
lateral side 
than the 
medial side  
Forefoot 
visible on the 
lateral side 
only 
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